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ABSTRACT
We have examined the resolved stellar populations at large galactocentric distances
along the minor axis (from 10 kpc up to between 40 and 75 kpc), with limited major
axis coverage, of six nearby highly-inclined Milky Way-mass disc galaxies using HST
data from the GHOSTS survey. We select red giant branch stars to derive stellar halo
density profiles. The projected minor axis density profiles can be approximated by
power laws with projected slopes of between −2 and −3.7 and a diversity of stellar
halo masses of 1 − 6 × 109M, or 2 − 14% of the total galaxy stellar masses. The
typical intrinsic scatter around a smooth power law fit is 0.05 − 0.1 dex owing to
substructure. By comparing the minor and major axis profiles, we infer projected axis
ratios c/a at ∼ 25 kpc between 0.4 − 0.75. The GHOSTS stellar haloes are diverse,
lying between the extremes charted out by the (rather atypical) haloes of the Milky
Way and M31. We find a strong correlation between the stellar halo metallicities and
the stellar halo masses. We compare our results with cosmological models, finding
good agreement between our observations and accretion-only models where the stellar
haloes are formed by the disruption of dwarf satellites. In particular, the strong ob-
served correlation between stellar halo metallicity and mass is naturally reproduced.
Low-resolution hydrodynamical models have unrealistically high stellar halo masses.
Current high-resolution hydrodynamical models appear to predict stellar halo masses
somewhat higher than observed but with reasonable metallicities, metallicity gradients
and density profiles.
Key words: galaxies: general, galaxies: evolution, galaxies: haloes, galaxies: stellar
content, galaxies: individual: NGC 253, NGC 891, NGC 3031, NGC 4565, NGC 4945,
NGC 7814
1 INTRODUCTION
The current favoured cosmological model Λ-Cold Dark Mat-
ter (ΛCDM) is hierarchical, predicting that dark matter
haloes are assembled over time through the collisionless ac-
cretion and mergers of smaller haloes. Stars form in the cen-
tres of the larger dark matter haloes (White & Rees 1978;
Moore et al. 1999), where the number of stars that form
? Contact e-mail:benharms@umich.edu
† Contact e-mail:antonela@mpa-garching.mpg.de
‡ Contact e-mail:ericbell@umich.edu
in low mass haloes is dramatically suppressed compared to
larger haloes (likely owing to feedback from supernovae; e.g.,
Dekel & Silk 1986; Cole 1991; Wheeler et al. 2014). As satel-
lite haloes merge with the main halo, their (typically mea-
ger) stellar components tidally disrupt and are spread into a
diffuse and structured stellar halo (Bullock et al. 2001; Bul-
lock & Johnston 2005; Cooper et al. 2010). The resulting
stellar haloes are expected to exhibit steep density profiles,
have abundant substructure and show considerable halo-to-
halo variation in their properties, all of which are expected
to be closely tied with their merger histories. The goal of
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this work is to carefully characterise the density profiles,
projected axis ratios, stellar masses and substructure of the
stellar haloes of six nearby roughly Milky Way mass disc
galaxies with resolved stellar population measurements from
the Hubble Space Telescope (Radburn-Smith et al. 2011;
Monachesi et al. 2016a).
While models in which stellar haloes are composed of
the tidal debris from dwarf galaxy disruption alone share
a number of broad qualitative predictions — diffuse, cen-
trally concentrated, highly structured stellar haloes whose
metallicities reflect the metallicities of the disrupted dwarf
galaxies — some of the quantitative predictions for stellar
halo properties vary considerably from model to model. Stel-
lar halo masses and metallicities of Milky Way-mass galaxies
vary considerably more from halo to halo in the Cooper et al.
(2010) and Go´mez et al. (2012) models than in Bullock &
Johnston (2005), likely from a wider range of satellite ac-
cretion histories (the importance of input satellite metallic-
ity distributions is emphasised by Tumlinson 2010). Stellar
haloes in the N -body only models of Cooper et al. (2010)
are triaxial, whereas haloes in Bullock & Johnston (2005) are
oblate. Bailin et al. (2014) show that oblate haloes are the
natural result of the growth of a stellar halo in a potential
where the baryons are allowed to grow into a galaxy with a
prominent disc, suggesting that the presence of a disc poten-
tial (incorporated in Bullock & Johnston 2005 but absent in
Cooper et al. 2010) is a key driver of stellar halo oblateness.
Furthermore, while the Bullock & Johnston (2005) models
all lack a significant metallicity gradient, the metallicity gra-
dients of the Cooper et al. (2010) models vary considerably,
from no gradient to relatively rapid changes in metallicity
with radius. This diversity in model predictions signals the
strength of observations to test and guide the models.
In addition to the stars accreted from disrupted satel-
lites, the inner parts of stellar haloes are predicted to have a
considerable population of in-situ stars formed in the main
galaxy potential (Zolotov et al. 2009; Font et al. 2011; Tis-
sera et al. 2014; Pillepich et al. 2015). The physical ingredi-
ents of such models have significant uncertainties, e.g., the
modeling of feedback processes, stellar winds, star forma-
tion recipes, and gas dynamics; all of which have significant
impact on how stars populate dwarf satellites, the shape of
the potential of the main galaxy, the fraction of in-situ stars,
and even whether the in-situ stars are a common feature of
all haloes (Bailin et al. 2014). The mass and extent of ex-
pected in-situ haloes are predicted to vary by large factors,
ranging from being dominant at radii of even 30 kpc (e.g.,
Font et al. 2011) to being dominant only at < 5 kpc (e.g.,
Pillepich et al. 2015). The prominence of in-situ stars is ex-
pected to be a function of position with respect to the disc
(more prominent along the major axis, and less detectable
along the minor axis; Monachesi et al. 2016b), galaxy mass,
and merger history (Zolotov 2011).
All of these considerations motivate the careful charac-
terisation of a sizeable sample of stellar haloes. Yet, owing to
the observational challenge of detecting low surface bright-
ness and diffuse features in more distant galaxies, the stellar
populations and shapes of the main body of the haloes of
only the Milky Way and Andromeda have been studied in-
depth to date (e.g., Ivezic´ et al. 2000, Newberg et al. 2007,
Bell et al. 2008, Gilbert et al. 2012, Deason et al. 2013,
Gilbert et al. 2014, Ibata et al. 2014). While both haloes are
richly substructured and qualitatively agree with the ΛCDM
paradigm of galaxy formation, they display significant dif-
ferences. The Milky Way halo has a weak to no metallicity
gradient (Sesar et al. 2011; Xue et al. 2015) and its stellar
density distribution can be described by a broken power-law
— within 25− 30 kpc, it follows an oblate, ρ ∝ r−γ power-
law distribution with index γ ∼ 2.5− 3 (Yanny et al. 2000;
Bell et al. 2008; Juric´ et al. 2008; van Vledder et al. 2016)
whereas a more rapidly declining stellar density is detected
beyond ∼ 30 kpc, with γ ∼ 3.5 (Deason et al. 2011; Sesar
et al. 2011; Deason et al. 2014; Cohen et al. 2015; Slater
et al. 2016). M31, on the other hand, has a clear metallicity
gradient with a 1 dex variation in [Fe/H] from 10 to ∼100
kpc (Gilbert et al. 2014; Ibata et al. 2014) and its stellar
density distribution can be described by a single power-law
with γ ∼ 3.3 (Guhathakurta et al. 2005; Gilbert et al. 2012).
In order to test model predictions and quantify the halo-
to-halo variations such as differences in metallicity profiles,
fraction of stellar halo created in-situ and accreted, stellar
halo morphology, etc., we need to observe the stellar halo
properties of more similar mass galaxies. In particular, the
stellar halo density profiles and shapes can provide impor-
tant constraints on the merging and accretion history of a
galaxy (Johnston et al. 2008; Deason et al. 2013; Amorisco
2015a).
Over the last decades, a number of efforts have sought
to characterise the diffuse stellar envelopes around galaxies.
Integrated light studies of nearby galaxies show that stellar
streams (thought to be from the disruption of dwarf galax-
ies) are reasonably common (Malin & Hadley 1997; Shang
et al. 1998; Mihos et al. 2005; Tal et al. 2009; Mart´ınez-
Delgado et al. 2010a; Paudel et al. 2013; Watkins et al. 2015;
Merritt et al. 2016). Such studies are challenging, requiring
excellent control of scattered light (Slater et al. 2009; Abra-
ham & van Dokkum 2014). While it is often possible to
control scattered light well enough to uncover tidal streams
as local enhancements in surface brightness, it is extremely
challenging to control scattered light well enough to con-
vincingly and correctly recover the brightness profile of the
larger scale ‘aggregate’ (sometimes, somewhat misleadingly
termed ‘smooth’) stellar halo (de Jong 2008, although see
D’Souza et al. 2014 and Merritt et al. 2016 for encouraging
progress). Such broad scale and diffuse structures are possi-
ble (with substantial observational cost) to detect and char-
acterise by resolving individual (typically red giant) stars
in nearby galaxy stellar haloes. Using such methods, diffuse
stellar haloes have been detected and characterised around a
number of nearby galaxies (Mouhcine et al. 2005, Monachesi
et al. 2016a, M81: Barker et al. 2009, Monachesi et al. 2013,
NGC 253: Bailin et al. 2011, Greggio et al. 2014; NGC 891:
Mouhcine et al. 2010; Cen A: Harris & Harris 2002, Rejkuba
et al. 2014, Crnojevic´ et al. 2016; NGC 3115: Peacock et al.
2015; NGC 3379: Harris et al. 2007b; NGC 3377: Harris et al.
2007a). Yet, quantitative analysis of the density profiles has
proven challenging. For the disc-dominated galaxies that we
focus on in this paper, such analyses were carried out only
for NGC 253 (Bailin et al. 2011; Greggio et al. 2014) and
M81 (Barker et al. 2009) where flattened (0.4 < c/a < 0.6),
steeply declining power law density profiles were determined.
In addition, in common with the integrated light studies,
substantial substructure in stellar haloes (streams or shells)
has been uncovered in many cases (e.g. Bailin et al. 2011,
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Greggio et al. 2014, Crnojevic´ et al. 2016). These efforts il-
luminate the path towards quantifying halo properties with
resolved stellar populations, but have not yet yielded a size-
able sample of galaxies with quantified stellar halo proper-
ties.
In this paper we present the projected red giant branch
star density profiles out to projected radii ∼ 40 − 75 kpc
along the disc’s minor axis and major axis profiles out to
smaller radii of the stellar haloes of six massive nearby disc
galaxies using Hubble Space Telescope (HST) observations
from the Galaxy haloes, Outer discs, Substructure, Thick
discs, and Star clusters (GHOSTS) survey (Radburn-Smith
et al. 2011; Monachesi et al. 2016a). We focus on the mas-
sive galaxy subset of the GHOSTS survey both because their
stellar haloes are prominent and straightforward to charac-
terise in our dataset and because many models of stellar
halo properties focus on galaxies in this stellar mass range
(4 × 1010M < M∗ < 8 × 1010M). With these data, we
estimate the stellar halo density profiles, degree of substruc-
ture, projected axis ratio, and halo stellar masses of this
sample, and can combine these measurements with stellar
halo population measurements from Monachesi et al. (2013)
and Monachesi et al. (2016a) to explore correlations be-
tween stellar halo structures and stellar populations. Sec-
tion 2 provides an overview of the GHOSTS survey. The
data reduction and photometry are summarised in Section 3.
We present our results for the red giant branch star den-
sity profiles, surface brightnesses, estimated shapes, degree
of substructure and stellar halo masses in Section 4. We
build intuition about how results from our sparsely-sampled
data might compare with global halo properties using mod-
els in Section 5. With this intuition in hand, we discuss the
results for each galaxy in more depth and compare with
previous results in Section 6. In Section 7, we explore the
correlations between stellar halo and galaxy properties and
compare with theoretical predictions; readers interested pri-
marily in the big picture results are invited to skip directly
to Section 7. We summarise and conclude in Section 8.
2 OBSERVATIONS: THE GHOSTS SURVEY
The Galaxy haloes, Outer discs, Substructure, Thick discs,
and Star clusters (GHOSTS) survey, (Radburn-Smith et al.
2011) is a large HST program designed to resolve the stars
in the outskirts of eighteen Local Volume disc galaxies of dif-
ferent masses, luminosities, and inclinations — the largest
such study to date. Fields along the principal axes of each
galaxy were observed, reaching projected galactocentric dis-
tances as large as ∼ 75 kpc. GHOSTS observations provide
star counts and colour-magnitude diagrams (CMDs) reach-
ing typically ∼ 2 − 3 magnitudes below the tip of the red
giant branch (TRGB). Using the RGB stars as tracers of
the stellar halo population, we are able to study the size
and shape of each stellar halo as well as the properties of
their stellar populations such as age and metallicity. A more
detailed description of the survey can be found in Radburn-
Smith et al. (2011) and Monachesi et al. (2016a).
We selected six galaxies for study in this paper. These
galaxies were chosen because they are the most massive
among those in GHOSTS, comparable in stellar mass and
rotation velocity to the Milky Way. The galaxies are also
highly inclined or edge-on, which ensures minimal to no disc
contamination when observing along the minor axis beyond
10 kpc.
Fields were chosen to lie on the galactic discs (to study
disc structure, dust and flaring; e.g., de Jong et al. 2007;
Radburn-Smith et al. 2012, 2014; Streich et al. 2016) or
much further out along the major and minor axes of the
main body of the galaxy (to study outer discs and stellar
haloes; Monachesi et al. 2013, 2016a), with a few pointings
exploring intermediate position angles. In practice, the out-
ermost major axis fields have stellar populations and struc-
tures indicative of being dominated by stellar halo, permit-
ting the projected shape of the stellar halo to be estimated
if one assumes alignment between the principal axes of the
disc and halo (Bullock & Johnston 2005; Bailin et al. 2014;
Pillepich et al. 2015, we examine this assumption later in
§5). The locations of the fields extend out to distances of
∼40-75 kpc from the centre of the galaxy along the minor
axis, depending on the galaxy, as shown in Figure 1.
3 DATA REDUCTION AND PHOTOMETRY
We summarise in this section the main data reduction steps
and stellar photometry performed for each exposure using
the GHOSTS pipeline. We refer the interested reader to
Radburn-Smith et al. (2011) and Monachesi et al. (2016a)
where the pipeline for the data are described for HST/ACS
and HST/WFC3 respectively.
We downloaded the ACS ∗_flc FITS images from
the Hubble Data Archive MAST1, which have been bias-
subtracted, cosmic ray flagged and removed, flat fielded and
corrected for charge transfer efficiency (CTE; Anderson &
Bedin 2010). For the WFC3 images, we have generated the
∗_flc FITS images locally from the ∗_raw FITS images
downloaded from MAST, using a code provided by STScI,
since the pixel based CTE correction is not yet a part of the
WFC3/UVIS pipeline. For each field, we combine the indi-
vidual FLC images per filter using AstroDrizzle (Gonzaga
2012). The resulting image per field and filter is a drizzled
DRC FITS image, which has been corrected for geometric
distortion.
We used DOLPHOT, an updated version of HSTphot
(Dolphin 2000) for ACS and WFC3 images, to perform
simultaneous point-spread function (PSF) fitting photom-
etry on all the individual FLC exposures per field. The
DOLPHOT parameters used for the GHOSTS fields are
given in Table A2 of Monachesi et al. (2016a). DOLPHOT
provides the position of each star relative to the F814W
drizzled image, together with the instrumental HST magni-
tudes in the VEGAmag system already corrected for CTE
loss and with aperture corrections calculated using isolated
stars. The DOLPHOT output includes various diagnostic
parameters that are used to discriminate between PSF-like
stars and non-PSF shaped detections such as cosmic rays
and background galaxies.
When attempting to measure the number of faint stars
in sparsely-populated (with tens to hundreds of stars) HST
fields, compact background galaxies are the most important
1 http://archive.stsci.edu
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Figure 1. Location of the GHOSTS HST ACS/WFC and WFC3/UVIS fields overlaid on DSS coloured images of each galaxy. Green
fields were introduced in Radburn-Smith et al. (2011) whereas yellow fields were presented by Monachesi et al. (2016a). North is up and
east is to the left. Fields were placed mostly along the principal axes with some at intermediate position angles. This strategy allows
us to both probe their haloes out to projected distances of R ∼ 40 − 75 kpc along the minor axis from the galactic centre as well as to
measure the halo structure and stellar population differences where different regions are observed. For our purposes, not all GHOSTS
fields were used as some lie along intermediate axes or are too close to the disc; the list of fields that we have analyzed here is given in
Table 1 of Monachesi et al. (2016a).
source of contamination. We impose several selection cri-
teria to the ACS and WFC3 catalogs, termed “culls” by
Radburn-Smith et al. (2011) and Monachesi et al. (2016a),
using diagnostic parameters such as sharpness and crowd-
ing to distinguish between PSF-shaped sources and sources
more or less extended than the PSF. These culls were ap-
plied to the photometry output, which removed ∼95% of the
contaminants. The different culls and details on how they
were obtained for the ACS and WFC3 data can be found in
Radburn-Smith et al. (2011) and Monachesi et al. (2016a)
respectively. In addition, we used SEXTRACTOR (Bertin &
Arnouts 1996) to construct a mask for all extended sources
for each field, which include both background galaxies as
well as bright foreground Milky Way (MW) stars. Detected
sources that fall in the masks were removed from the pho-
tometry output file. The shorter observations of the WFC3
fields of our closest galaxies (all WFC3 fields in NGC 3031
and NGC 4945 as well as Field 14 in NGC 253) have only one
exposure in the F606W−band image. Because our pipeline
was unable to remove the cosmic rays in these single expo-
sure F606W images, many cosmic rays, which are as com-
pact or more compact than real stars, remain in the F606W
images. Following Monachesi et al. (2016a), we performed an
iterative analysis where objects were detected in the F606W
and F814W images; those objects which are much too bright
in F606W to be real stars were masked out and the photom-
etry recomputed. These masked cosmic rays were added to
the SEXTRACTOR mask, and were used to reject spurious
sources.
We note that contamination from MW foreground stars
was not significant within the colour and magnitude range
of interest for four of our six sample galaxies at high galac-
tic latitude. Foreground contamination was more severe for
NGC 4945 and NGC 0891 fields since these galaxies are at a
low galactic latitude. Based on the CMDs and colour distri-
butions of fields simulated by TRILEGAL2 (Girardi et al.
2005) and Besanc¸on3 (Robin et al. 2003) models, we adopted
a colour cut for NGC 4945 CMDs to remove most MW con-
taminants.
In order to assess the completeness of our data and to
quantify the photometric uncertainties, we have performed
extensive artificial star tests (ASTs) on each exposure, as
described by Radburn-Smith et al. (2011). Approximately
2 http://stev.oapd.inaf.it/cgi-bin/trilegal
3 http://model.obs-besancon.fr/
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2,000,000 fake stars were injected in each exposure with re-
alistic colours and magnitudes and distributed such that
they follow the observed stellar density gradient. We run
DOLPHOT on each fake star at a time and we applied the
same culls as in the real output photometry catalogs. Ar-
tificial stars that did not pass the culls were considered to
be lost. The completeness level was calculated as the ratio
of recovered-to-injected number of artificial stars at a given
colour and magnitude bin.
Examples of a resulting CMD per galaxy, after the
masks and culls were applied, are shown in Figure 2. The
mean distance of each field from the galaxy centre is in-
dicated in each panel. These CMDs are largely free from
background and foreground sources. The 50% completeness
level of each field is indicated with a dashed red line. Sev-
eral CMDs for each galaxy are shown in Radburn-Smith
et al. (2011) and Monachesi et al. (2016a). All the CMDs
for the entire survey can be found in the GHOSTS website
at http://vo.aip.de/ghosts/.
4 RESULTS
In this section, we present the methods used to calculate and
fit the red giant branch density profiles of the six galaxies in
our sample, and the results of those fits. More detailed dis-
cussion of the fits on a galaxy-by-galaxy basis, along with
tests of our methods and comparison with models is pre-
sented later in Sections 6 and 7.
4.1 Stellar Density Profiles
In order to characterise the stellar haloes of our six sam-
ple galaxies, we choose to select and analyze stars with the
colours and magnitudes of relatively metal-poor red giant
branch (RGB) stars at the distances of each of the target
galaxies. As tracers of the stellar halo, RGB stars offer a
number of advantages. The RGB is a prominent feature of
the CMD of essentially all intermediate-age and old stel-
lar populations. RGB stars are relatively numerous, offer-
ing a large sample of stars to characterise and study. They
also have a well-defined maximum luminosity (e.g., Bellazz-
ini et al. 2001), allowing measurement of the stellar halo
distances and an important check that the stars under con-
sideration indeed belong to the target galaxy. RGB stars of
the metallicities and ages thought to dominate the bulk of
stellar halo populations, with ages in excess of a few bil-
lion years and metallicities below 1/3 solar, have a moder-
ately well-defined range of colours, making their identifica-
tion and characterisation relatively straightforward. Finally,
RGB star colours do vary somewhat as a function of pop-
ulation parameters (primarily metallicity, see e.g., Hoyle &
Schwarzschild 1955; Sandage & Smith 1966), offering insight
into the stellar populations of the target stellar haloes.
Candidate RGB stars were selected by making cuts
in colour-magnitude space. We select candidate RGB stars
to have magnitudes between the TRGB, as presented in
Monachesi et al. (2016a, see their Table C1), and a limit
chosen to lie above the 50− 70% completeness limits as de-
termined by the results of the ASTs; this limit is between 0.5
and 1.5 magnitudes fainter than the TRGB. In practice, this
limit depends primarily on the distance to the galaxy (which
set our depth compared to the TRGB), where more distant
galaxies tend to have shallower CMDs and therefore smaller
magnitude ranges for RGB star selection. The colour limits
at the blue end are designed to prevent contamination from
Main Sequence and Helium-Burning stars4, while the colour
limits at the red end are designed to prevent contamination
from very metal-rich disc or Milky Way foreground stars as
well as to ensure the 50− 70% completeness level of the se-
lected stars. In all cases, the colour selection encompasses
the vast majority of halo stars at all relevant radii (minor
axis radii > 5kpc and major axis radii > 20kpc). A repre-
sentative CMD for each galaxy is presented in Fig. 2 along
with the adopted selection cuts. For a given galaxy the same
RGB selection cuts were used for all fields. Only stars inside
the selection cuts were used to compute the stellar density
profiles.
Candidate RGB stars in each field were divided into
bins based on their radial distance from the centre of the
galaxy. The bins were chosen for each field to balance count-
ing statistics on one hand with a fine enough radial sampling
to allow detection of density gradients within a field and sub-
structure, if it exists. Due to the sparse nature of the outer
fields, fewer bins were typically used at greater radial dis-
tances. In order to minimise contamination by disc stars, we
use only stars with radial distances greater than 5 kpc for
the minor axis fields and 20 kpc for the major axis fields;
the full list of fields that we analyze is given in Table 1 of
Monachesi et al. (2016a). In each bin, the results from the
ASTs were used to correct the star counts for photometric
incompleteness. NGC 7814 presents a unique case of severe
crowding in the innermost fields. This crowding results in
significant undercounting of stars. Deep IRAC 3.6µm imag-
ing from S4G (Mun˜oz-Mateos et al. 2015) detects extended
light out to radii of ∼9 and ∼23 kpc along the minor and
major axis, respectively, where our data are crowded; ac-
cordingly, we use those surface brightnesses as additional
datapoints. Further description can be found in section 6.6.
To estimate the area in which stars can be reliably de-
tected in each bin, we need to account for the regions of the
images that are discarded. The mask generated using SEX-
TRACTOR (see Section 3) was used to remove any detec-
tions near the locations of unresolved background galaxies,
bright foreground stars, bad pixels or globular clusters. De-
tections that fell within a certain distance (25 pixels for ACS
and 5 pixels for WFC3) of any masked area were removed
to ensure that our star catalogs are minimally contaminated
by spurious detections in the vicinity of contaminating ob-
jects. The area of each bin was calculated by counting the
pixels inside the previously determined radial bins and then
subtracting out unused pixels from the mask.
A major advantage of using resolved stellar popu-
lations to study low surface brightness stellar haloes is
that the fore/background object counts correspond to a
faint limiting surface brightness. Accordingly, the effects of
fore/background subtraction are worth accounting for, but
are only of modest importance. For most of our galaxies,
our sparsest regions (typically in the outermost pointings)
4 In NGC 3031’s case, this meant a blue colour limit that is very
close to the RGB (see Fig. 2, as there are substantial numbers of
blue stars in M81’s outskirts; Okamoto et al. 2015).
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Figure 2. Representative F606W-F814W vs. F814W GHOSTS colour-magnitude diagrams for each of our six target galaxies. The red
boxes represent the selection cuts (see Section 4). Only detections selected to be stars following the Radburn-Smith et al. (2011) and
Monachesi et al. (2016a) photometric culls are shown. The TRGB is indicated by a dotted blue line; the 50% completeness limits, as
determined from ASTs, are represented by a dotted red line. The field number as well as their projected radial distance from the galaxy
centre are indicated in each panel.
appear to have CMDs consistent with foreground Milky
Way stars plus the few unresolved background galaxies left
by the culls (Radburn-Smith et al. 2011; Monachesi et al.
2016a). We choose to designate these areas as represent-
ing a fore/background density of RGB-coloured unresolved
sources that should be subtracted from the area density
for every pointing. For NGC 253, the outermost fields are
well-populated by RGB stars, and we estimate (using the
high-latitude control fields of Radburn-Smith et al. 2011
and Monachesi et al. 2016a) that 1/3 ± 1/6 of the RGB-
coloured unresolved sources in the outermost fields (e.g.,
Field 20) are contaminants, and we adopt that density as
an estimate of the fore/background density. For NGC 891,
we adopt the number density of detections in the outermost
Field 9 as the fore/background estimate. For NGC 3031 and
NGC 4565, the lowest stellar density measurement was used
as an estimate of the fore/background. For NGC 4945, the
outermost fields appear to have a significant population of
RGB stars, and we estimate that 1/2 ± 1/4 of Field 12’s
detected density is fore/background. For NGC 7814, Field
6 has a CMD consistent with mostly MW foreground stars,
and is adopted as an estimate of fore/background. The un-
certainty in the background was determined to be the square
root of the number of stars except in the cases of NGC
253 and 4945, where we adopted an uncertainty of 50% of
the adopted background. For every RGB density measure-
ment, the uncertainty on the background value was added in
quadrature to the uncertainty for each data point. These cor-
rections produce very modest effects on our final inferences.
We have tested this by carrying out a full analysis without
fore/background subtraction; all final measurements change
by less than their quoted random error bars (as most of the
inferences are driven by the higher surface brightness inner
parts of the haloes), except for the minor axis power law
slopes, which change by ∆α ∼ 0.1− 0.5, which is of the or-
der of the systematic uncertainties in their power law slope.
Figs. 3 to 8 show the stellar density profiles of each
galaxy along their major (red symbols) and minor (blue
symbols) axes. Given that many of the profiles appear to
behave approximately as a power law with substantial scat-
ter around that profile, we maximum-likelihood fit a three
parameter power law model to each of the major and minor
axis datasets for each galaxy. The fit is weighted based on
the uncertainties in radial bin densities. We assume that the
area density of RGB stars at a given projected radius r can
be drawn from the following distribution:
P (log10 Σ(r)) =
1√
2piσ
e
− (log10 Σ(r)−log10 Σ
′(r))2
2σ2 , (1)
where the expectation for the RGB star area density at that
MNRAS 000, 1–?? (0000)
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radius Σ′(r) is given by:
log10 Σ
′(r) = log10 Σ0(r0)− α× log10(r/r0), (2)
where Σ0 is the density at the characteristic radius log r0 =
〈log r〉, α is the power law slope and σ is the RMS (Table 1)
of the data points around the expectation. The best fits are
shown as the solid lines in Figs. 3 to 8. Uncertainties were
calculated by bootstrapping individual stellar density mea-
surements, and the resulting boostrapped fits are shown in
Figs. 3 to 8 using translucent red or blue lines. The param-
eters for these power law fits are given in Table 1, and the
star count values and isochrone-derived factors that we use
to turn star counts into equivalent V -band surface bright-
ness are given in Tables 2 and 3 respectively.
We find that the stellar density profiles of our sample of
six roughly Milky Way mass galaxies decline steeply, broadly
characterised by a range of power law functions Σ ∝ r−α
where 1.7 < α < 5.3. For most galaxies there is substantial
scatter around a single power law that is not well-described
by measurement uncertainties alone, which is parametrised
in this very simple model of a Gaussian scatter around the
power law fit of up to ∼ 0.15 dex. This scatter appears to
be systematic in nature, with coherent bumps and wiggles
in the profiles, indicative of stellar halo substructure in the
target galaxies. There is diversity in the recovered power law
slopes in excess of the measurement uncertainties (the dis-
persion in slopes is substantially larger than the combined
error for the slopes), indicative of real diversity in the stellar
halo properties of these six roughly Milky Way sized galax-
ies. It is clear that the choice of a power law profile is an
important over-simplification: a multi-part profile would be
a substantially better fit for at least the minor axis profiles
of NGC 253 and NGC 891 and possibly NGC 4945, where
the profiles appear to change slope at radii around ∼30 kpc.
The prominence of coherent brightness profile fluctua-
tions (associated with recognised large-scale substructure in
many galaxies; e.g., NGC 253 and NGC 891; see §6) acts
to emphasise the importance of substructure in the study of
stellar haloes. All of our observed and inferred characteris-
tics — the surface brightness profiles, mass, power law slope,
intrinsic scatter, estimated axis ratio and stellar populations
— are influenced by these substructures. The properties of
the stellar halo are best thought of as measurements of the
‘aggregate’ stellar halo. The issue is whether one’s survey
has ‘fairly’ sampled the different lines of sight to converge
towards a ‘representative’ measurement of stellar halo prop-
erties. Cognizant that this issue cannot be quantitatively
settled without deep panoramic measurements for a large
sample of galaxies (e.g., a survey like GHOSTS but with
tens to hundreds of times more survey area), we provision-
ally estimate the magnitude of such effects using simulations
in §5.
4.2 Stellar Halo Axis Ratios
Given the sparse sampling of GHOSTS along two princi-
pal axes, we have a relatively limited ability to estimate
projected axis ratio. Given that the major axis profiles typi-
cally sample substantially less dynamic range in radius (from
∼ 20 kpc to roughly ∼ 40 kpc) than the minor axis profiles,
we estimate axis ratio by comparing the minor and major
axis density profiles at a characteristic radius of 25 kpc.
Figure 3. Stellar density profile for NGC 253’s halo along the
minor (blue) and major (red) axes. The line resulting from a
maximum likelihood fit is displayed with its corresponding slope
representing a best fit power-law for the halo. The translucent
lines are the fits resulting from bootstrapping the data.
Figure 4. Stellar density profile for NGC 891’s halo, for a general
description, see Fig. 3.
This ‘indicative’ projected axis ratio c/a25 kpc is de-
termined using the power-law fits obtained above, as de-
scribed in Fig. 9. Given the interpolated (slightly extrap-
olated in the case of NGC 4565’s major axis) major and
minor axis densities at 25kpc, the mean of the values of
log10 Σ(25 kpc) on the major and minor axis is calculated,
log10 Σintermed(25 kpc). For each axis, the radius at which the
interpolated (extrapolated only for NGC 253’s major axis)
densities reach log10 Σintermed(25 kpc) is recorded (rminor
and rmajor, as shown in Fig. 9), and we adopt c/a25 kpc =
rminor/rmajor as our best estimate of c/a. Formal uncertain-
ties in c/a25 kpc are calculated in concert with the power law
fits to each axis, and are typically small (< 0.05 in axis ra-
tio), even when small extrapolations were necessary to esti-
mate the value. In practice, there is considerable uncertainty
in translating c/a25 kpc into c/a, particularly in cases where
the power law profiles of the major and minor axes differ
considerably, indicating a radially-varying c/a. We explore
sources of systematic uncertainty in c/a values using stellar
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Figure 5. Stellar density profile for NGC 3031’s halo, for a gen-
eral description, see Fig. 3. Part of the stellar halo of M82 can
be seen in the major axis profile between ∼ 25 and 40 kpc as a
significant overdensity.
Figure 6. Stellar density profile for NGC 4565’s halo, for a gen-
eral description, see Fig. 3.
Figure 7. Stellar density profile for NGC 4945’s halo, for a gen-
eral description, see Fig. 3
Figure 8. Stellar density profile for NGC 7814’s halo, for a gen-
eral description, see Fig. 3. The green lines show the S4G inte-
grated surface brightness profiles along the major and minor axes,
converted into the equivalent star counts using isochrones.
log10 (r kpc)
log
10
('
)
rminor
rmajor
= c=a 25kpc
Major Axis
Minor Axis
log10'intermed(25 kpc)
rminor rmajor
Figure 9. An illustration of the procedure for estimating the pro-
jected axis ratio c/a at ∼ 25 kpc, c/a25 kpc. The average log10 Σ
value at 25 kpc is determined, and we estimate c/a25 kpc to be
rminor/rmajor.
halo models (§5), finding a typical systematic uncertainty
of ∆c/a ∼ 0.1, except in one case (out of 11) where there
is a large misalignment between the model galaxy’s princi-
pal axes and the stellar halo’s principal axes. We adopt a
systematic uncertainty of ∆c/a ∼ 0.1 in what follows. The
stellar halo axis ratio estimates c/a25 kpc for the GHOSTS
MW-mass galaxies range from c/a ∼0.4 to ∼0.75 (Table 1).
4.3 Stellar Halo Masses and Surface Brightnesses
We determine the stellar halo mass M10−40 between mi-
nor axis equivalent radii of 10 − 40 kpc, corresponding to
(10 − 40)[c/a25 kpc]−1 kpc along the major axis, using nu-
merical integration. When determining the mass estimates,
the choice of lower bound is particularly significant consid-
ering the divergent nature of a power-law fit. We chose 10
kpc as the inner bound since this is the closest galactocen-
tric distance along the minor axis for which there is minimal
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to no disc contamination for the less highly-inclined galax-
ies, such as NGC 3031. The choice of outer bound has a
relatively small effect; little mass lies outside 40 kpc for the
halo profiles characteristic of GHOSTS galaxies. We first in-
tegrate the minor axis power-law profile over the area of the
halo within 10 kpc to 40 kpc, using elliptical annuli with a
constant axis ratio of c/a25 kpc to obtain the number of RGB
stars within that area NRGB,10−40. We use stellar halo mod-
els in Section 5 to calibrate this measurement (which can be
carried out equally well on our data and with models) and
estimate how NRGB,10−40 and M10−40 may be expected to
compare to total stellar halo mass.
We then use stellar evolution models to estimate the
amount of mass and light represented by each detected RGB
star. Our halo CMDs appear broadly consistent with old
metal-poor populations; accordingly, we choose to adopt a
fiducial 10 Gyr old Padova isochrone (Bressan et al. 2012;
Chen et al. 2014; Tang et al. 2014) with a metallicity
Z=0.0016 ([Fe/H] = −1.2 dex) — similar to the average
metallicity for our dataset — to represent the bulk of the
halo population. We adopted a Chabrier (2003) stellar ini-
tial mass function (IMF). A well-populated model CMD was
constructed, and the number of RGB stars in the selection
region of the CMD (see red box in Fig. 2) per unit initial
stellar mass and V -band luminosity is calculated for each
galaxy. The right-hand axis on Figs. 3-8 shows the µV pro-
file in units of V−mag arcsec−2.
Scaling of star counts to total surface brightness using
stellar population models is a common technique (e.g., Ibata
et al. 2014). Nonetheless, it is useful to cross-validate our in-
ferred surface brightness profiles with previously-published
values. Such cross-validation is challenging owing to the diffi-
culty in finding systems with low enough surface brightness
for the resolved stellar populations to remain uncrowded
while remaining well-measured in integrated light (V -band
surface brightnesses of ∼ 27 mag arcsec−2). In addition, we
wish to target metal-poor regions, as our star counts focus
on metal-poor stars.
We can compare our measurements of isochrone-scaled
star counts with integrated surface brightness estimates for
three systems in the GHOSTS sample: NGC 253, NGC 891,
and NGC 4565. We compare our inferred V -band major
axis surface brightness profile for NGC 253 with the J-band
surface brightness profile of Greggio et al. (2014, from star
counts scaled to J-band brightness where their profiles over-
lapped), assuming V −J ∼ 1.7 for a [Fe/H]∼ −1, 10Gyr old
stellar population following Bruzual & Charlot (2003), find-
ing agreement within ∆µ ∼ 0.1 mag arcsec−2. We compare
our inferred V -band minor axis surface brightness profile for
NGC 891 at 6− 9 kpc with the R-band brightness profile of
Miller (1996) converted to V -band assuming a [Fe/H]∼ −1,
10Gyr old stellar population with V − R ∼ 0.52 follow-
ing Bruzual & Charlot (2003), finding agreement within
∆µ ∼ 0.3 mag arcsec−2. Turning to NGC 4565, a <10 kpc
extrapolation of our inferred minor axis V -band brightness
agrees within ∆µ ∼ 0.2 mag arcsec−2 with the V -band sur-
face brightness of 27 mag arcsec−2 at 8 kpc minor axis dis-
tance from Naeslund & Joersaeter (1997). We conclude that
our surface brightness measurements appear to be accurate,
with no sign of a systematic offset at the 0.3 mag arcsec−2
level.
The isochrones give estimates of initially-formed stel-
lar mass, which must be corrected to present-day mass by
accounting for stellar mass loss by multiplying the initially
formed mass by 0.56 (following Bruzual & Charlot 2003).
The present-day stellar halo mass M10−40 is then calculated
by dividing the total number of detected RGB stars between
minor axis equivalent radii of 10−40 kpc NRGB,10−40 by the
number of RGB stars per unit present day stellar mass. Our
resulting stellar halo mass estimates M10−40 are presented
in Table 1. We note that the random uncertainties (deter-
mined from bootstrapping) presented in Table 1 do not in-
clude a contribution from systematic uncertainty about the
halo stellar populations or isochrone uncertainties; we varied
ages and metallicities by ± 30% in age and a factor of three
in metallicity, and this changes the final masses by ±30%
or less. These are included in the systematic error budget in
Table 1.
We also indicate in Table 1 the total stellar mass of
each galaxy, estimated using K-band luminosities in concert
with a K-band mass to light ratio of M/L = 0.6, typical of
massive spiral galaxies, following Bell & de Jong (2001) us-
ing a universally-applicable Chabrier (2003) stellar IMF. Lu-
minosities were calculated using K-band total magnitudes
from Jarrett et al. (2003), in conjunction with the distances
presented in Table 1. Such masses carry at least 30% uncer-
tainties, and potentially suffer from larger systematic error if
assumptions underlying their calculation are incorrect, e.g.,
if the stellar IMF varies from galaxy to galaxy. Despite these
uncertainties, these masses are useful in order to build intu-
ition about how these galaxies compare to larger samples of
galaxies, e.g., from the SDSS (e.g., Kauffmann et al. 2003)
that have stellar mass estimates but lack accurate measures
of rotation velocity.
5 HOW GENERALISABLE ARE OUR
INFERENCES FROM THE DATA?
GENERATING INTUITION THROUGH
ANALYSIS OF STELLAR HALO MODELS
Before examining the results for individual galaxies, inter-
comparing them, and comparing our observations with the-
oretical models, it is important to generate intuition about
how our results might generalise to the bulk properties of
a realistically structured stellar halo. As articulated earlier,
the key concern is the degree of systematic error caused by
sparse sampling stellar halo structure in a highly structured
aggregate halo; a secondary concern is the influence of stellar
population variations in the stellar halo on our inferences.
In the absence of panoramic imaging as deep or deeper
than our data (e.g., future wide-area surveys with WFIRST
and LSST), it is necessary to use simulations to explore this
issue. While any simulation could be used in principle, we
choose to analyze the 11 halo realisations from the Bullock
& Johnston (2005) simulations5. These stellar halo models
are built through the disruption and accretion of satellite
galaxies in a cosmological context. Star particles in sub-
haloes were generated using high-resolution N-body simu-
lations and painted on to dark matter particles such that
5 The stellar halo models are available at
http://user.astro.columbia.edu/ kvj/halos/.
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their luminosity function follows a King profile. A cosmolog-
ically motivated semi-analytic galaxy formation model was
used to assign stellar properties to the painted particles (see
also Robertson et al. 2005; Font et al. 2006). We converted
the star particles into RGB stars and generated projected
RGB maps of stars as explained in Monachesi et al. (2013).
For these haloes, we emulated ACS observations by choosing
square sections of 202 arcseconds on a side along the major
and minor axes. The different galaxy distances and colour-
magnitude cuts that correspond to each of the six massive
GHOSTS galaxies were used to examine the models. This
allows us to determine how representative our data is for
each galaxy.
We choose to analyze 10 ACS-like fields per galaxy, 5
on the minor axis and 5 on the major axis. While clearly the
number of pointings per galaxy varies from case to case (see
Fig. 1), this is close to the average number of independent
pointings per galaxy. The simulated ACS-like fields were
treated identically to the real ACS observations. A best-fit
power-law was calculated and integrated over an ellipse be-
tween 10 and 40 kpc using an axis ratio derived at a ‘indica-
tive’ radius of 25 kpc, and the stellar mass of the models was
found using the same process that was applied to the data.
We compared the results from these simulated ACS obser-
vations to the true values for each model for the power-law
slopes, axis ratio, and stellar halo mass as described below.
In order to find the true power-law slope for the stellar
density profile of the model, we selected stars within wedges
of 1/8 radian half-width around the major and minor axes,
between 10 and 80 kpc from the centre, as illustrated in
the bottom-left panel of Figure 10. Each of these regions
was divided into 50 radial sections and we constructed pro-
jected stellar density profiles of the modeled RGB stars on
the minor and major axis. An example of the wedge density
profiles for Bullock & Johnston Halo 02 can be seen in the
bottom-right panel of Figure 10. The resulting power-law
slopes that best fit the profiles were taken to be the “true”
values in order to measure the accuracy of the simulated
ACS observations. The top panel of Figure 10 shows the
ACS-like fields corresponding to the same Bullock & John-
ston Halo 02 model as well as the resulting density profiles.
Comparing the results obtained using these two methods,
we find that our sparse sampling method produces power
law slope estimates accurate to about ±0.2.
To find the ‘true’ axis ratio of the models at 25 kpc,
we fit the RGB stars distribution of the models using an
iterative method. We select RGB stars within an elliptical
annulus with a geometric mean distance of 25 kpc using an
initial guess for axis ratio and assuming alignment between
the major axis and the long axis of the initial ellipse. The
second moment tensor of the distribution was calculated,
giving improved estimates of axis ratios and position angle.
This process was repeated until it converged to within 0.001
in axis ratio. We find the axis ratio we calculate based on
sparse-sampled HST fields is accurate to within ∆c/a ∼ 0.1,
except in one case where there is a large amount of substruc-
ture (1 case out of 11) where our method recovered c/a ∼ 1
for a halo with actual c/aintrinsic ∼ 0.5 owing to a misalign-
ment between the actual position angle of the halo and the
major axis of the galaxy. Given the sparse survey strategy
that we adopted (constrained by the amount of available
telescope time), it is difficult to guard against position angle
differences between the halo and principal axes of the main
body of the galaxy; given that this happens at the 1/11 level
in simulations, we expect the bulk of our axis ratios to be
accurate to ∆c/a ∼ 0.1.
These models also offer an important end-to-end test
of our survey strategy’s ability to infer reliable stellar halo
masses. For a range of distances corresponding to our sam-
ple galaxies, we choose colour-magnitude selections appro-
priate to each galaxy and calculate the mass between minor
axis equivalent radii of 10-40 kpc using the method described
above (using the minor axis profile and the indicative axis
ratio at ∼ 25 kpc). In concert, we calculate the true mass
between 10-40 kpc in an elliptical annulus with the correct
position angle and ellipticity (the ‘true’ 10-40 kpc mass) and
the total stellar halo mass. Our observational and analysis
techniques give estimates of M10−40 which are 97 ± 22% of
the ‘true’ 10-40 kpc mass; our estimates of M10−40 corre-
spond to 32± 10% of the total RGB stars for model stellar
haloes from Bullock & Johnston (2005).
M81 presents a unique case as it has an inclination of
60◦. We rotate the models to simulate its orientation and
find that the power-law slopes vary by typically less than
0.2 in power law slope, the masses by 10% or less, and the
axis ratios increase typically by 0.2 compared to a perfectly
edge-on model. Accordingly, we include an extra systematic
uncertainty of +0.0−0.2 in c/a for M81 in Table 1.
We incorporate estimates of these systematic uncertain-
ties in Table 1.
6 NOTES ON INDIVIDUAL GALAXIES
Table 1 presents our estimates of the stellar halo properties
— power law slope, normalisation, intrinsic scatter around
a power law profile, indicative axis ratio and mass between
minor axis equivalent radii of 10 and 40kpc, for each of the
galaxies studied. In this section, we discuss our results for
individual galaxies and compare our estimates of halo prop-
erties, determined using our strategy which obtains deep
high-quality detections on relatively few sparse pointings,
with other work typically derived from wide-field ground-
based studies. In what follows, we will often quote random
and systematic uncertainties separately.
6.1 NGC 253
The minor axis density profile for NGC 253 is well-measured
out to more than 75 kpc, following a power-law with slope
−2.24+0.07−0.06±0.2 (random and systematic errors respectively)
reasonably well out to ∼ 50 kpc as can be seen in Fig. 3.
We note that this detection of stellar halo stars at > 75 kpc
is somewhat remarkable — only three galaxies, the Milky
Way, M31 and Centaurus A (Rejkuba et al. 2014; Crnojevic´
et al. 2016) have halo stars detected to such radii.
There is significant scatter around the fitted power-law
profile, with a best fit intrinsic RMS of 0.10±0.01±0.03 dex
(random and systematic errors respectively). These devia-
tions are systematic, with coherent over-densities compared
to the power law fit at ∼ 30 kpc, and coherent underdensi-
ties at ∼ 10 kpc and most notably outside ∼ 40 kpc, where
the profile is significantly depressed compared to smaller
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Figure 10. Top: Results from Bullock & Johnston Halo 02 inferred using sparse sampling mimicking that of the data. ACS-like fields
were placed along the minor and major axes as illustrated in the left panel, giving the stellar density profiles shown in the right panel.
The cuts in space and colour-magnitude were the same as those used in NGC 253. Bottom: Stellar density profile (right panel) and
2-D map of RGB stars (left panel) for Bullock & Johnston Halo 02. The resulting density profiles along wedges on the major and minor
axes are obtained from colour-magnitude cuts as those used in NGC 253. The slopes for the major and minor axes as well as the masses
calculated using the two different methods were in agreement within 10%.
radii and appears to become flat. Comparison with the sin-
gle halo-dominated major axis field in the GHOSTS survey
yields a rough estimate of c/a ∼ 0.55+0.04−0.05±0.1 (random and
systematic errors respectively) for the projected axis ratio,
though the uncertainties may be larger owing to our use of
only a single major axis field.
There are two existing estimates of the power law slope
and axis ratio of the stellar halo of NGC 253 from panoramic
ground-based imaging: Greggio et al. (2014) used VISTA
wide-area near-infrared imaging to determine a slope of
∼ −1.6 and an axis ratio b/a ∼ 0.4, and Bailin et al. (2011)
measured a power-law slope of −2.8 ± 0.6 and b/a ∼ 0.35
using IMACS data for the southwest quadrant of NGC 253’s
stellar halo. Our power law slopes are intermediate to these
estimates, and our axis ratio is rather larger than both
of these estimates. These works, along with our own and
that of Davidge (2010), all show clear evidence of substan-
tial substructure in NGC 253’s stellar halo. Two significant
over-densities have been reported: a prominent ‘shelf’ in the
southwestern quadrant of the inner part of NGC 253’s halo
(Beck et al. 1982; Davidge 2010; Bailin et al. 2011; Greggio
et al. 2014), and an overdensity along the northern minor
axis at ∼ 30 kpc best visualised in Figs. 16 and 21 of Greggio
et al. (2014). Our minor axis profile intersects the northern
minor axis overdensity, and it is clearly visible in Fig. 3 as an
overdensity at 30 kpc, beyond which the star count profile
drops precipitously. We interpret the significant differences
in stellar halo parameters reported by our work, Greggio
et al. (2014) and Bailin et al. (2011) to stem in large part
from the prominent substructure in NGC 253’s stellar halo
(this was also emphasised by Bailin et al. 2011 and Greggio
et al. 2014 as their main source of systematic uncertainty);
such differences may indicate the level of variation expected
from study to study owing to substructure in stellar haloes.
Only one estimate of stellar halo mass has been pub-
lished to date: 2.5 ± 1.5 × 109 M outside of minor axis
radius of 5 kpc (4.5% of the galaxy stellar mass) from Bailin
et al. (2011) using wide-area coverage of the southwestern
quadrant of the inner parts of NGC 253’s halo. Our halo
mass estimate is 1.45+0.17−0.10±0.5×109 M (random and sys-
tematic errors respectively) between minor axis equivalent
radii of 10-40 kpc; recall in §5 we use models to suggest that
this likely implies a 3 times larger total stellar halo mass, im-
plying a total stellar halo mass of roughly 4.5±1.9×109M
(8 ± 3% of the galaxy stellar mass). These estimates agree
to within their uncertainties.
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6.2 NGC 891
As far as we are aware, our measurement is the first quan-
titative measurement of the stellar halo density profile, axis
ratio and mass for NGC 891. In particular, the mass of the
stellar halo between 10 and 40 projected minor axis equiva-
lent kpc is 8.6+0.7−0.5 ± 2.6 × 108M (random and systematic
errors respectively). This corresponds to an estimated total
stellar halo mass of 2.7 ± 1.2 × 109M, corresponding to
5± 2% of NGC 891’s total stellar mass. NGC 891 has been
imaged using Subaru’s SUPRIME-CAM (Mouhcine et al.
2010), leading to the discovery of extensive stellar streams
and a relatively dense ‘cocoon’ of stars in the inner parts
of NGC 891’s stellar halo (their Fig. 1). We clearly de-
tect the stream and cocoon (towards Mouhcine et al. 2010’s
positive Z direction) on the minor axis fields between 25
and 40 kpc, where the density profile is close to flat. This
overdensity, and relatively dramatic drop in density outside
40 kpc, drive both a relatively uncertain minor axis power
law slope (−2.00+0.33−0.23± 0.2) and one of our largest values of
intrinsic scatter (0.13±0.05±0.03 dex). One could arbitrar-
ily fit the density profile with a double power law broken at
∼ 40 kpc, in which case the best fit slopes are ∼ −2 inside
40 kpc and ∼ −7 (but with huge uncertainty) outside 40 kpc.
We do not adopt the parameters of this fit in this work, nor
do we show it on Fig. 4; such a fit would be too specific to the
particular density profile seen in Fig. 4 and would hinder fair
comparison with other galaxies or with simulations (most of
which use single power-law fits to broadly characterise the
density distribution).
6.3 NGC 3031/M81
Power law fits over a dynamic range of a factor of 4 in radius
for NGC 3031/M81 along the minor axis and a factor of
nearly 2.5 in the major axis show that the metal-poor RGB
stars show a steeply-declining roughly power law profile with
slopes −3.53+0.18−0.15±0.2 and −3.11+0.88−0.48±0.2 respectively. The
scatter is 0.03 ± 0.02 ± 0.03 dex and ∼ 0.14+0.04−0.06 ± 0.03 dex
along the minor and major axis respectively, and axis ratio
is 0.61+0.03−0.05± 0.1+0.0−0.2, where the last error term accounts for
the possible increase of projected axis ratio compared to the
intrinsic axis ratio owing to M81’s intermediate inclination.
This yields a stellar halo mass between minor axis equivalent
radii of 10−40 kpc of 3.7+0.4−0.2±1.1×108M. This corresponds
to an estimated total stellar halo mass of 1.1±0.5×109M,
corresponding to 2± 0.9% of M81’s total stellar mass.
Many of our values appear to be in significant conflict
with the only other estimates of the properties of M81’s
stellar halo from Barker et al. (2009) using ground-based
Suprime-Cam observations. While our axis ratio estimate
of ∼ 0.6 is in agreement with the axis ratio of ∼ 0.5 as-
sumed by Barker et al. (2009) when analyzing the inner
part of M81’s stellar halo, our other measurements disagree
with those of Barker et al. (2009). Our power-law slopes are
∼ −3.5, whereas those of Barker et al. (2009) are ∼ −2, and
most prominently, our estimated total stellar halo mass of
1.1 ± 0.5 × 109M (corresponding to ∼ 2% of M81’s total
stellar mass) appears to differ by almost an order of mag-
nitude with their claim that M81’s halo contains 10-15% of
the luminosity of M81.
We explore this discrepancy in depth in Fig. 11, which
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Figure 11. Major axis V-band surface brightness profile
M81/NGC 3031. We show the 3.6µm surface brightness profile
from S4G (Mun˜oz-Mateos et al. 2015) scaled to V -band by match-
ing the inner parts of Barker et al.’s surface brightness profile, the
final combined integrated light+star counts profile from Barker
et al. (2009) in red, and our major axis halo fit in black, along with
our fit rescaled 2.3 mag arcsec−2 brighter to approximately match
the Barker et al. (2009) profile in their outer parts in dashed-gray
line. It is clear that the Barker et al. (2009) star counts were er-
roneously calibrated to a surface brightness around 10× higher
than the isochrone-derived calibrations we use, and predict far
more surface brightness than either we or Mun˜oz-Mateos et al.
(2015) observe at deprojected major axis radii in excess of 14kpc.
shows the major axis V-band surface brightness profile
M81/NGC 3031 from Fig. 17 of Barker et al. (2009) in
red, and our major axis halo fit in black. These are clearly
discrepant at the radii at which they overlap, but are not
grossly different in shape, as evidenced by the dashed gray
line, which shows our major axis profile fit offset by 2.3 mag-
nitudes to approximately overlap with Barker et al. (2009)6.
This brightness offset (coupled with minor differences in ex-
trapolations to total stellar halo mass and luminosity) ac-
counts for the difference between our and their halo lumi-
nosity estimates.
How is such a large difference in calibration possible?
We attempt to shed light on this issue by comparing these
brightness profiles with the 3.6µm surface brightness profile
from S4G (Mun˜oz-Mateos et al. 2015) scaled to V -band by
matching the inner parts of Barker et al.’s surface bright-
ness profile. S4G (Sheth et al. 2010) is sensitive to relatively
faint levels, and is much more immune to low surface bright-
ness Galactic cirrus emission than optical light (clearly vis-
ible in Fig. 2 of Barker et al. 2009). The S4G brightness
profile — well-measured out to ∼ 17 kpc — clearly contin-
ues to decline with an exponential profile well outside of
∼ 12− 14 kpc where Barker et al. (2009) claim a transition
6 The difference in power law slope is visible by a ‘drift’ in the
best offset between the two datasets of about 0.5mag between 20
and 40kpc, in the sense that the brightness profile of Barker et al.
(2009) is flatter than ours.
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in the integrated brightness profile to a shallower power law.
As discussed in their Section 6 and shown in their Fig. 17,
Barker et al. (2009) use their 14-17 kpc integrated light pro-
file (which we believe to have been erroneously bright owing
to Galactic foreground cirrus, and as evidenced by the S4G
data) to calibrate their star counts. By enforcing that they
overlapped, Barker et al. (2009) calibrated their star counts
to have a surface brightness nearly a factor of 10 brighter
than those that they would have derived by doing artificial
star tests plus calibration with isochrones.
It is interesting to ask what drives the difference in
power law slope reported by Barker et al. (2009) (Σ ∼ r−2)
and our derived slopes along minor and major axes (both
Σ ∼ r−3). Part of this difference could well be crowding in
the ground-based data. Bailin et al. (2011) show for NGC
253 (with a very similar distance to M81) that within ra-
dial distances of ∼ 20 kpc the ground-based data were very
crowded, resulting in the detection of only a tiny fraction of
the real RGB stars, particularly at brighter surface bright-
nesses, artificially flattening their star counts.7 Furthermore,
real substructure may be responsible for some of the differ-
ence in power law slope: inspection of the major axis pro-
file in Fig. 5 between major axis radii of 20 kpc and 40 kpc
(the range covered by Barker et al. 2009) shows a consider-
ably flatter profile (Σ ∝ r−2 or somewhat shallower) than
the profile between 20 kpc and 50 kpc (Σ ∝ r−3). Recently,
Okamoto et al. (2015) showed that there is an extensive fan
of debris between M82 and M81 (we expect composed largely
of material tidally liberated from M82). This is clearly de-
tected along our major axis fields, and is prominent in much
of the area probed by Barker et al. (2009). We propose that
this drives the density profile derived by Barker et al. (2009)
towards Σ ∝ r−2. We claim that our measurement of a pro-
jected density profile Σ ∝ r−3 is somewhat more represen-
tative of M81’s stellar halo not only because it is derived
from the minor axis where there appears to be no material
stripped off of M82 or NGC 3077 (Okamoto et al. 2015), but
also because it draws from a larger range of major axis radii,
showing a return to a Σ ∝ r−3 profile outside of projected
major axis radii of 40 kpc.
We conclude that the shape of the brightness profiles
from our work and Barker et al. (2009) are largely consistent,
given the importance of both crowding and substructure on
the Barker et al. result. Our more reliable isochrone-based
luminosity and stellar mass calibration differs strongly from
Barker et al.’s, and with the benefit of deeper uncrowded
HST data and S4G’s deep integrated light profile we con-
clude that Barker et al.’s brightness calibration and lumi-
nosity estimate appears to be in error, owing to an unfortu-
nate limitation in how their star counts were converted into
an estimate of the V -band surface brightness.
6.4 NGC 4565
As far as we are aware, this work, Monachesi et al. (2016a),
and preliminary results from de Jong et al. (2009) are the
7 Incidentally, we also attribute the lack of a strong change in
slope in the Barker et al. star count profile within ∼ 17 kpc,
where S4G predicts a transition from an exponential to power
law profile, to the effects of crowding.
first reported detection and characterisation of NGC 4565’s
resolved stellar halo. NGC 4565’s stellar halo is detected out
to 60 kpc along the minor axis, and more than 50 kpc along
the major axis. NGC 4565’s minor axis density profile has a
power law slope of −2.87+0.08−0.07±0.2 (random and systematic
uncertainties respectively), and while the fit prefers ∼ 0.11±
0.03 dex of intrinsic scatter, owing to the magnitude of the
error bars in the outer parts of NGC 4565 it is also consistent
with having no intrinsic scatter around its minor axis profile.
NGC 4565 has a substantially steeper major axis profile,
with a power law slope of −5.28+0.47−0.45± 0.2. If interpreted in
terms of a halo with changing projected axis ratio, the axis
ratio would vary from c/a25 kpc ∼ 0.44 to c/a40 kpc ∼ 0.56
(determined from the outermost points of the major axis
profile, comparing them to the points of equal density along
the minor axis at radii∼ 30 kpc). The calculated stellar mass
between 10 and 40 minor axis equivalent kpc is 7.2± 0.3±
2.2×108M, corresponding to a estimated total stellar halo
mass of 2.2± 0.9× 109M or 2.8± 1.2% of the total stellar
mass of NGC 4565.
We note that Field 06 (the outermost minor axis field in
NGC 4565) has a significant overdensity (the high datapoint
at minor axis radius ∼ 57 kpc), which we interpret to be a
relatively thin stellar stream (also discussed in Monachesi
et al. 2016a). The width of the overdensity is ∼ 2− 3 kpc.
6.5 NGC 4945
As far as we are aware, this work (together with Monachesi
et al. 2016a) is the first reported detection and characteri-
sation of NGC 4945’s stellar halo. Owing to the substantial
foreground contamination, we detect the minor axis to dis-
tances of only ∼ 40 kpc and the major axis to ∼ 45 kpc.
The power-law slopes for the density profiles along the
minor and major axes are consistent with each other at
−2.72± 0.17± 0.2 and −2.73± 0.23± 0.2, respectively. The
scatter around the minor axis profile is 0.05+0.01−0.02± 0.03 dex,
and major axis is 0.09+0.01−0.02±0.03 dex. Owing to the similar-
ity of the density profiles along the major and minor axis,
the axis ratio appears to be c/a ∼ 0.5 ± 0.1 with little ra-
dial dependence (although it is measured only out to minor
axis equivalent radii of ∼ 22 kpc). The resulting halo stellar
mass between 10 and 40 kpc is 1.11+0.07−0.06 ± 0.33 × 109M,
corresponding to a rough estimate of total stellar halo mass
of 3.5 ± 1.5 × 109M which is roughly 9 ± 4% of the total
stellar mass of NGC 4945.
6.6 NGC 7814
NGC 7814 is the most distant galaxy in our sample; as can
be seen in Fig. 2, the CMDs are relatively shallow and are
limited in their colour coverage towards the red fainter than
F814W∼ 27.2 by a relatively shallow F606W limit. Accord-
ingly, we caution that our stellar counts may be somewhat
less reliable than for our other galaxies, and may represent
a lower limit to the true value. Furthermore, the innermost
fields in GHOSTS suffer from significant crowding. Reliable
GHOSTS star counts exist only between ∼ 19 and ∼ 35
kpc along the minor axis and beyond ∼ 32 kpc along the
major axis. We supplemented the minor (major) axis pro-
file with an equivalent star count value at ∼9 (∼23) kpc
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derived from 3.6µm imaging data from S4G, with a normal-
ization derived using the same isochrone used to convert the
RGB star counts into V -band surface brightness and stellar
mass. NGC 7814 has power slopes of −3.71+0.99−0.09±0.2 along
its minor axis, and −5.33+3.34−0.57 ± 0.2 along its major axis.
The implied axis ratio is 0.59+0.14−0.05± 0.1. The implied stellar
mass between 10 and 40kpc is 2.05+0.43−0.26±0.6×109M, or a
estimated total stellar halo mass of 6.41+1.34−0.81× 109M, cor-
responding to ∼ 14±6% of its total stellar mass. This is the
largest stellar halo in our sample. NGC 7814 has a wide-
format imaging from observations with small robotic tele-
scopes Mart´ınez-Delgado et al. (2010b) and does not show
any signs of tidal streams (Javanmardi et al. 2016).
7 DISCUSSION AND MODEL COMPARISONS
7.1 Comparison of Stellar Halo Properties
Between Galaxies
With the inferred stellar halo masses, axis ratios and power
law slopes in hand, along with an idea of the likely sources
of systematic uncertainty, we turn to exploring correlations
among the GHOSTS galaxies between these halo properties
and their halo stellar populations (Monachesi et al. 2016a)
as well as compare with the bulk properties of the Milky
Way’s and M31’s stellar haloes.
We restrict our comparisons to quantities which are
well-constrained by the data in hand. Accordingly, we choose
to characterise the stellar halo mass using the mass between
10 and 40 minor axis equivalent kpc, M10−40; minor axis
power law slopes are measured over a similar range. We
characterise the stellar halo metallicity by quoting a derived
[Fe/H] value at 30 kpc along the minor axis following the
observational calibration of [Fe/H] as a function of RGB
colours for globular clusters (Streich et al. 2014) assuming
[α/Fe] = 0.3. Instead of presenting minor axis metallicity
gradients, we choose to present minor axis RGB colour gra-
dients per kpc; RGB colour is related in a highly non-linear
way to metallicity, making RGB colour gradient more robust
to possible future changes in RGB colour calibration than
an inferred metallicity gradient.
The properties of M31 and the Milky Way are com-
piled from a variety of sources. Stellar masses for the
MW and M31 are assumed to be 6.1 ± 1.1 × 1010M and
10.3± 2.3× 1010M, taken from Licquia & Newman (2015)
and Sick et al. (2015), respectively. Rotation velocities for
the MW and M31 are adopted from Bovy et al. (2012);
Vc = 218±6 km/s and HyperLEDA8 Vc,M31 = 257±6 km/s,
respectively. The stellar halo mass for M31 outside 27 kpc is
estimated to be ∼ 1.1×1010M and has a 3-D (2-D) density
slope of roughly ∼ −3.7 (−2.7) (Ibata et al. 2014). Extrap-
olation of the profile inside 27 kpc is obviously uncertain;
we assume a total mass Mhalo,M31 = 1.5± 0.5× 1010M in
what follows, with a corresponding estimate of M10−40,M31
three times smaller at M10−40,M31 ∼ 5 ± 2 × 109M. The
total stellar halo mass for the MW has been estimated to
be between Mhalo,MW = 4 − 7 × 108M (Bland-Hawthorn
& Gerhard 2016, following Bell et al. 2008); we assume a
M10−40,MW = 1.75± 0.5× 108M three times smaller than
8 http://leda.univ-lyon1.fr/; see also Makarov et al. (2014).
the total stellar halo mass. There is evidence that the 3-
D halo density profile changes slope from −2.5 to −3.5 at
halo radii of around 25 kpc (Bell et al. 2008; Sesar et al.
2011; Xue et al. 2015), accordingly we assume a 3-D power
law slope of −3 ± 0.5. Following Monachesi et al. (2016a),
the metallicity at 30 kpc of M31’s halo is from Gilbert et al.
(2014), correcting their values to an assumed alpha enhance-
ment [α/Fe] = 0.3. The metallicity at 30 kpc of the MW’s
halo is the mean metallicity between the values reported in
Sesar et al. (2011) and Xue et al. (2015), i.e. [Fe/H] = −1.7.
Colour gradients for the MW and M31 are estimated from
the metallicities at 10 and 40 kpc from Xue et al. (2015)
and Gilbert et al. (2014), respectively, using the Streich et al.
(2014) relationship between metallicity and RGB colour, as-
suming [α/Fe] = 0.3.
We note that resolved stellar populations data in the
halo of the large S0 galaxy NGC 3115 (Peacock et al. 2015)
exist along its minor axis, and at very large radii in the
elliptical galaxy Centaurus A (Rejkuba et al. 2014). We
choose not to include these galaxies in our comparisons at
this time owing to important differences between the halo
profile and mass estimation techniques. In the case of NGC
3115, Peacock et al. (2015) lack a measurement along NGC
3115’s major axis, making it impossible to estimate the stel-
lar halo axis ratio. Furthermore, Peacock et al. identify a
low-metallicity tail with [Fe/H]< −1 as NGC 3115’s stellar
halo, whereas we identify all material at large minor axis ra-
dius as stellar halo. Our approach makes sense for galaxies
dominated by a geometrically thin stellar disc, but may be
less appropriate for a bulge-dominated galaxy such as NGC
3115. In the case of Centaurus A, Rejkuba et al. (2014) de-
rive no estimate of total stellar halo mass, and again it is
unclear how to proceed with quantitative halo analysis in
an elliptical galaxy, where one expects a large number of
stars from the central parts of the galaxy to have been scat-
tered to large radii during the violent relaxation that shapes
the main body of the galaxy. We note that both galaxies
have metallicities [Fe/H]30kpc > −0.6 and appear to have
fairly substantial masses (in excess of 1010M) between 10
and 40kpc, so appear to be qualitatively consistent with the
trends discussed here using the GHOSTS sample augmented
with the Milky Way and M31.
In panel a of Fig. 12 we show the ratio of the stellar
halo mass to the total galaxy stellar mass, as a function of
total galaxy stellar mass. This sample of Milky Way mass
disc-dominated galaxies with total stellar masses between
4 × 1010M and 1011M shows a remarkably large range
of stellar halo mass fractions, varying by a factor of ∼ 7 in
GHOSTS galaxies alone, with variations of a factor of ∼ 15
in stellar halo mass fractions with the addition of the Milky
Way and M31 to the sample.
In panel d of Fig. 12, we show the inferred stellar halo
minor axis 3-D density power law slope as a function of in-
ferred stellar halo mass between 10 and 40 kpc. The stellar
haloes in nearby Milky Way mass disc galaxies have masses
between 10 and 40 kpc that range between ∼ 108.2 to 109.7
M, a factor of 30 range in mass. These galaxies show a
range in halo power law slopes between 10 and 40 kpc, with
3D equivalent minor axis power law slopes between −3 and
−4.7. Recall that many galaxies’ density profiles have con-
siderable deviations from power laws; we parameterise the
haloes with power laws to facilitate comparison, cognizant
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Figure 12. Panel a: ratio of stellar halo mass between 10-40 kpc and total stellar mass, as a function of total stellar mass. Panel b:
stellar halo metallicity at 30 kpc as a function of stellar halo mass between 10-40 kpc. Panel c: stellar halo colour gradient (a proxy for
metallicity gradient) as a function of stellar halo mass between 10-40 kpc. Panel d: inferred 3-D minor axis stellar halo density power law
slope as a function of stellar halo mass between 10-40 kpc. Panel e: stellar halo metallicity at 30 kpc as a function of maximum rotation
velocity. Panel f : stellar halo colour gradient (a proxy for metallicity gradient) as a function of maximum rotation velocity.
that power laws are rarely accurate descriptions of the den-
sity profile of structured stellar haloes.
We explore this issue more in Fig. 13, where we show the
projected minor axis density profiles for the GHOSTS mas-
sive galaxy sample (datapoints without errorbars for clarity)
together with the best-fit power laws. One can see that the
stellar haloes of the GHOSTS Milky Way-mass galaxies are
very broadly consistent with each other. While there is diver-
sity in density at radii < 10 kpc, the scatter in halo densities
appears to increase somewhat towards larger galactocentric
radius. There may be a hint of a ‘minimum’, relatively steep
density profile (largely traced out by e.g., NGC 3031 or NGC
4565), with galaxies being able to have excursions to consid-
erably higher density at a range of radii (e.g., the excess of
NGC 4945 between 7 and 20kpc, tending towards lower val-
ues outside of 30kpc, or the dramatic density shelf in NGC
891, returning to values characteristic of NGC 3031 or NGC
4565 at > 40 kpc). This behavior may make intuitive sense
— one could easily imagine that at a given galaxy mass, a
superposition of relatively low mass disrupted satellites may
give a minimal ‘standard build’ halo, whereas galaxies that
managed to accrete one or more rather more massive satel-
lites would augment this ‘standard build’ halo, raising its
density profile at a range of radii, and possibly enhancing
substructure.
Panels b and e of Fig. 12 show the metallicity of the stel-
lar halo at 30 kpc as a function of stellar halo mass between
10 and 40 kpc (panel b) and rotation velocity (panel e). The
stellar haloes of Milky Way mass disc galaxies have an order
of magnitude range in stellar halo median metallicity, from
[Fe/H] ∼ −0.7 dex to −1.7 dex. This halo metallicity ap-
pears not to correlate with rotation velocity (panel e), but
does correlate strongly with stellar halo mass (panel b). The
correlation between stellar halo metallicity and mass is the
strongest correlation in our dataset, with a Pearson corre-
lation coefficient of 0.89, corresponding to a 0.3% chance of
being drawn from an uncorrelated dataset. We will return
to this correlation shortly.
Panels c and f of Fig. 12 show the minor axis stellar halo
RGB colour gradient (a proxy for metallicity gradient) as a
function of stellar halo mass between 10 and 40 kpc (panel c)
and rotation velocity (panel f). As highlighed in Monachesi
et al. (2016a), Milky Way mass disc galaxies appear to have
a range of behaviors in terms of their metallicity gradients,
where ∼1/2 of the sample have no or a weak metallicity gra-
dient, and the other half have strong metallicity gradients.
The gradient does not appear to vary systematically with
stellar halo mass. In our dataset, halo metallicity gradient
appears tentatively to favour steeper negative gradients for
galaxies with higher vmax, but with little statistical signifi-
cance (Pearson correlation coefficient of −0.62, correspond-
ing to a 10% chance of being drawn from an uncorrelated
dataset).
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Figure 13. Surface brightness profiles for the minor axes of
GHOSTS massive disc galaxies. The plot shows the data coloured
for each galaxy, converted from star counts into V -band magni-
tude per arcsec2 together with the power law best-fit obtained for
the profiles.
7.2 A Correlation Between Stellar Halo
Metallicity and Stellar Halo Mass
The most significant correlation between stellar halo prop-
erties in our dataset is a correlation between the mass of
stellar haloes and their metallicity at 30 kpc along the mi-
nor axis (panel b of Fig. 12). In Fig. 14, we scale Fig. 12
to ‘total’ stellar halo masses, estimated by multiplying the
M10−40 values by a factor of 3, following §5. A very rough
fit to the data (using orthogonal distance regression) is:
[Fe/H]30 kpc ∼ (−1.45±0.1)+(0.7±0.15)(log10Mhalo,tot−9);
the slope is changed significantly by the Milky Way’s stel-
lar halo metallicity estimate, and is accordingly rather un-
certain. In order to build intuition about how to interpret
this relation, we show in Fig. 14 the local galaxy stellar
metallicity–stellar mass relation (obtained by tying together
the stellar metallicity–stellar mass relations of Kirby et al.
2013 and Gallazzi et al. 2005) in grey along with an assumed
scatter of ∼ 0.2 dex which is comparable to the < 0.15 dex
scatter of Kirby et al. (2013) and the scatter at high stel-
lar masses of Gallazzi et al. (2005). The black solid line is
the local galaxy metallicity–mass relation offset by −0.6 dex,
which is scaled to go through the majority of the data points.
The galaxy metallicity–mass relation is consistent with but
slightly (< 2σ) shallower than the stellar halo metallicity–
mass relation.
We argue the broad similarity of the slope of the
stellar halo metallicity–halo mass relation with the galaxy
metallicity–mass relation is no coincidence, and that its off-
set is broadly as expected in a cosmological context. Accre-
tion only models of halo formation in a cosmological con-
text predict that most of the mass in stellar haloes should
come from the few most massive progenitors (e.g., Deason
et al. 2016), and that the main epoch of halo building is at
z ∼ 1 − 2 (Bullock et al. 2001; Bullock & Johnston 2005;
Cooper et al. 2010). As a (very rough) guide to what kind of
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Figure 14. The [Fe/H]–Mhalo,tot relation for the GHOSTS
galaxies, the Milky Way and M31. Total halo masses are esti-
mated by multiplying the masses between 10 and 40 kpc by a
factor of 3. The [Fe/H] is characterised by the [Fe/H] at 30 kpc
along the minor axis. Overplotted is the z = 0 galaxy stellar
metallicity–stellar mass relation in grey (with ∼ 0.2 dex scatter),
and a relation offset by −0.6 dex in black to give a rough esti-
mate in the offset between the galaxy and stellar halo metallicity–
mass relations. The dashed area is the z ∼ 2 gas metallicity–mass
relation, shifted by ∼ −0.3 dex from the present day relation.
One can see that the relationship between stellar halo mass and
metallicity has a shape that is broadly consistent with the galaxy
metallicity–mass relation offset to slightly lower metallicities, as
would be broadly expected if haloes are assembled from the de-
bris of the disruption of multiple dwarf galaxies at intermediate
redshifts (z=1-2).
offset one might expect at earlier times from the metallicity–
mass relation, Erb et al. (2006) find that the z ∼ 2 gas
metallicity–mass relation is offset by ∼ −0.3 dex from the
present day relation (shown as a dashed area in Fig. 14).
Noting that most of the mass in stellar haloes should be
formed from the disruption of the largest progenitors, the
remaining offset should be interpreted as a largely horizon-
tal offset (the arrow in Fig. 14), with lower mass galaxies
being incorporated into a larger halo, where the relations
are broadly consistent with the idea that the few largest
progenitors provide most of the mass of a stellar halo at
the present day, at a given metallicity characteristic of their
metallicity at the time of accretion. While this argument
is both necessarily rough and approximate, it is clear that
there is an intuitive and quantitatively reasonable accretion-
only framework in which to interpret the relation between
the present-day stellar halo metallicity along the minor axis
and the stellar halo mass (see Deason et al. 2016 for an
in-depth discussion of this issue). This accretion-only frame-
work appears also consistent with recent results from hydro-
dynamical simulations, where the in situ halo component is
expected to be negligible at R & 15 kpc along the minor
axis (Pillepich et al. 2015; Monachesi et al. 2016b). Thus,
characterizing the halo metallicity with its metallicity along
the minor axis yields a robust measurement of the proper-
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Figure 15. A comparison of estimates of the fraction of stars
in Milky Way mass galaxies that are in its stellar halo. Black
points denote the measurements from GHOSTS from this paper,
red datapoints show 3 estimates and 4 upper limits from Merritt
et al. (2016), and blue shows an estimate of average accreted
fraction for low concentration galaxies using stacking of SDSS
images (D’Souza et al. 2014, and priv. comm.).
ties of the dwarf satellites that were tidally disrupted by the
central galaxy.
7.3 Comparison of Stellar Halo Mass Fractions
with Observations
A number of estimates or upper limits for stellar halo masses
have recently become available from integrated light studies
(D’Souza et al. 2014; Merritt et al. 2016). While there are no
galaxies in common between the datasets, one can fruitfully
compare the fraction of mass in stellar haloes for Milky Way
mass galaxies between these studies.
In Fig. 15, we show the overall good level of agreement
between estimated fractions of mass in stellar haloes from
GHOSTS, MW, and M31 (this paper; black) and two other
studies based on integrated light.
Red symbols denote detections or upper limits of stellar
haloes of galaxies with stellar masses above 4×1010M from
deep imaging with the Dragonfly telescope array (Merritt
et al. 2016). We interpret galaxies with halo fraction error
bars that intersect zero to be non-detections, and take the
upper error bar from their Table 1 to be the upper limit to
the halo mass fraction. An additional complication is that
their estimated stellar halo mass fraction refers to light mea-
sured outside 5 half-mass radius Rh only. We correct their
estimates to an estimate of total stellar halo mass following
§5. We convert major axis Rh into minor axis equivalent
values using axis ratio estimates from the 2MASS Large
Galaxy Atlas Jarrett et al. (2003) when possible or from
the NASA/IPAC Extragalactic Database. For most of their
sample, 5Rh corresponds to a minor axis radius of ∼ 10 kpc,
and we adopt the factor of 3 correction determined in §5 to
scale their measurements to ‘total’ mass. NGC 4220 has a
smaller minor axis equivalent radius of ∼ 4 kpc, correspond-
ing to a rough factor of two extrapolation to total mass.
Merritt et al.’s imaging for M101, owing to its low inclina-
tion and large disk extent, is sensitive to a stellar halo only
outside of ∼ 30 kpc, and following §5 we estimate a factor
of ten extrapolation to total stellar mass. The adopted stel-
lar halo mass fractions or limits are tabulated in Table 4.
We find that the treatment of Dragonfly non-detections as
upper limits, and a model-motivated extrapolation to to-
tal stellar halo fraction brings the measurements of Merritt
et al. (2016) into line with ours. These studies paint a consis-
tent picture of there being around a factor of ∼ 15 full range
in stellar halo mass fractions for roughly Milky Way mass
galaxies, with the Dragonfly non-detections being clustered
towards the lower side of our observed range of stellar halo
fractions.
Estimates of the average accreted stellar mass fraction
for low-concentration disk-dominated galaxies from stacking
of the SDSS (D’Souza et al. 2014) are given in blue. D’Souza
et al. (2014) give an estimate of the outer light fraction; we
adjust it downwards by 0.1 dex to account for stellar M/L
differences between the bluer outer envelopes of galaxies and
their redder, higher stellar M/L cores, using a typical color
difference of ∆(g − r) ∼ 0.1 from D’Souza et al. (2014)
and estimates of stellar M/L from Bell et al. (2003). Fur-
thermore, D’Souza (private communication) has found using
stacking of mock images from the Illustris hydrodynamical
simulations (Vogelsberger et al. 2014) that the outer light
fraction is ∼ 0.1 dex systematically higher than the fraction
of accreted stars in those simulations. Accordingly, following
D’Souza’s recommendation, we adjust their accreted light
fraction down by another 0.1 dex. This line, denoted in blue,
represents the best available estimate from SDSS stacking
of the accreted fraction of stars in low-concentration galax-
ies. This average is in good accord with the typical stellar
halo fractions measured by GHOSTS or Dragonfly. By fo-
cusing on individual halos, GHOSTS and Dragonfly enrich
the results of D’Souza et al. (2014) by showing that galaxies
have considerable scatter in stellar halo mass around that
relation, with a full order of magnitude or more range in
halo mass fraction at stellar masses comparable to the Milky
Way.
7.4 Comparison Between Stellar Halo
Observations and Models of Stellar Halo
Formation
Given the diversity of halo properties seen in Figs. 12 and
13, and the strength of the correlation between halo metal-
licity along the minor axis and stellar halo mass seen in
Figs. 12 and 14, we turn now to a preliminary and rela-
tively rudimentary comparison between these observational
results with expectations from models of galaxy formation
in a cosmological context. We make this comparison as fair
as possible, noting that the majority of the predicted quan-
tities, such as metallicity and metallicity gradients, are typi-
cally presented as spherically averaged properties in models
whereas we measure them as projected along the disc minor
axis, thus some discrepancies may arise due to the differ-
ent methodology used. We note that models of stellar halo
formation in a cosmological context is a rapidly develop-
ing field; in this spirit, we chart out some broad patterns
and ideas, but leave detailed comparisons to future works
and works by those modeling stellar halo formation in a
cosmological context. In what follows, we focus on compar-
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Figure 16. Comparison to accretion-only models — Panel a: ratio of ‘total’ stellar halo mass and total stellar mass, as a function of
total stellar mass. Panel b: stellar halo metallicity at 30kpc as a function of ‘total’ stellar halo mass. Panel c: inferred 3-D stellar halo
density power law slope as a function of ‘total’ stellar halo mass. Panel d: stellar halo colour gradient (a proxy for metallicity gradient)
as a function of ‘total’ stellar halo mass. The observational data are shown in black and grey. Models: brick red area: Bullock & Johnston
(2005), light green+line: Purcell et al. (2007, 2008), blue: Cooper et al. (2010), magenta: Cooper et al. (2013), orange: Deason et al.
(2016).
ing expectations and predictions for the stellar haloes of disc
galaxies with roughly the Milky Way’s total (dark plus bary-
onic) mass of 0.5− 2× 1012M with our observations, cog-
nizant of the considerable difficulty in measuring the dark
halo mass of our and nearby galaxies.
7.4.1 Accretion-only models
We first compare with models which account for the build
up of stellar haloes from the tidal disruption of dwarf satel-
lites only (accretion-only models) in Fig. 16. Light green
shaded areas denote the region occupied by roughly 95%
of the accretion-only haloes from the halo occupation mod-
els of Purcell et al. (2007, 2008). The Purcell et al. (2008)
metallicity–stellar halo mass relation is approximated us-
ing their Fig. 7, assuming that their galaxies in ∼ 1012M
haloes have stellar masses ∼ 1010.75M. In order to con-
vert metallicity into [Fe/H], we assume [Fe/H]Purcell ∼
log10 Z/Z − 0.2, assuming [α/Fe] ∼ 0.3. Brick red denotes
the results from the Bullock & Johnston (2005) models (see
also Font et al. 2006); these haloes have a narrow ∼ ×2
range in stellar mass. Blue symbols denote individual haloes
from high resolution N -body simulations by Cooper et al.
(2010), where we again estimate iron abundance by sub-
tracting 0.2 dex from the predicted metallicity. Magenta re-
gions enclose the 68% range of the structural properties of
haloes expected to host galaxies with disks (B/T < 0.9)
modeled using the Millennium-II N -body simulations by
MNRAS 000, 1–?? (0000)
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Figure 17. Comparison to hydrodynamical models — Panel a: ratio of ‘total’ stellar halo mass and total stellar mass, as a function of
total stellar mass. Panel b: stellar halo metallicity at 30kpc as a function of ‘total’ stellar halo mass. Panel c: inferred 3-D stellar halo
density power law slope as a function of ‘total’ stellar halo mass. Panel d: stellar halo colour gradient (a proxy for metallicity gradient)
as a function of ‘total’ stellar halo mass. The observational data are shown in black and grey. Hydrodynamical models: light cyan: Font
et al. (2011), green: Tissera et al. (2012, 2014), yellow: Pillepich et al. (2015), red: Cooper et al. (2015).
Cooper et al. (2013). Orange regions enclose the range of
predictions from Deason et al. (2016).
Accretion-only models, for the most part, predict a rea-
sonably realistic range of stellar halo masses (panel a of Fig.
16). Similarly, the broad range of power-law slopes of the
accretion-only models seen in panel c of Fig. 16 appears to
be in reasonable accord with the data, with the possible ex-
ception of the Cooper et al. (2010) models, which may have
too wide a diversity in halo density profiles. Panel d of Fig.
16 suggests that the weakness and uniformity of metallicity
gradients of the Bullock & Johnston (2005) models is in con-
flict with the observations — the variability of stellar halo
metallicity gradients from galaxy to galaxy in the Cooper
et al. (2010) models appears to match more accurately the
observational data.
Most notably, and as foreshadowed in §7.2, the
accretion-only models predict a strong stellar halo mass–
metallicity relation, in striking accord with the data. While
the form of the relation was argued to be inevitable, given
the stellar mass–stellar metallicity relation of the progeni-
tor satellites (which is typically baked into the accretion-
only models as a constraint) and given the almost negligi-
ble contribution from in situ halo stars at the radius along
the minor axis where the [Fe/H] was derived (see Pillepich
et al. 2015; Monachesi et al. 2016b), the normalisation of
the relation compared to the galaxy metallicity–mass rela-
tion is less trivial and appears to have been predicted accu-
rately by the models. This match in normalization suggests
that the accretion-only models have assembled their stellar
haloes from appropriate progenitors with reasonable metal-
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licities at the time of satellite infall. Note that a broad re-
lation between halo metallicity and total galaxy luminosity
was suggested by Mouhcine et al. (2005); the observations
(and models) predict that a broad relation of this type is
expected, but it is driven by a much more fundamental stel-
lar halo mass–metallicity relation — bigger stellar haloes are
assembled from bigger, more metal rich pieces (Deason et al.
2016).
This overall impressive level of agreement is encourag-
ing. On one hand, the disagreements are now subtle enough
that differences between observational and model metrics
will matter, motivating an effort by modelers and observers
to compare more consistently with each other in an effort
to refine the models and better interpret the observations.
On the other hand, this agreement motivates the use of stel-
lar haloes to quantitatively explore galactic merger histories:
Deason et al. (2016) show that there is a relationship be-
tween the stellar halo mass, metallicity and the properties
of the most massive progenitor, suggesting that we can gain
precious insight into the most massive mergers that affected
many of our nearby galactic neighbours.
7.4.2 Hydrodynamical models
We now compare with hydrodynamical models, which ac-
count for both the accreted plus in situ build up of stellar
haloes, in Fig. 17. Hydrodynamical models attempt to more
completely capture the gas, stellar and feedback physics
of galaxy formation; they are both complex and compu-
tationally expensive. Importantly, hydrodynamical simula-
tions also predict that an in situ stellar halo should exist,
with contributions from both early chaotically-distributed
star formation during the assembly of the galaxy and stars
kicked up from deeper in the potential well (see Cooper et al.
2015 for a thoughtful discussion of the origin of the in situ
stellar halo). These in situ haloes vary from model to model
in prominence (Cooper et al. 2015 emphasise the importance
of different choices for sub-grid physics on the properties of
the in-situ halo), but typically carry > 5× 109M (Zolotov
et al. 2009; Pillepich et al. 2015; Cooper et al. 2015). The
in-situ halo appears to show a metallicity difference from
the accreted stars in most models, although both compo-
nents have broad distributions and the distribution of in
situ metallicities is likely to be sensitive to input physics
(see, e.g., Fig. 6 in Cooper et al. 2015 and the illuminating
and forthright discussion in Zolotov et al. 2010). Pillepich
et al. (2015) and Monachesi et al. (2016b) emphasise that
the in situ halo may be highly flattened, and their metal-
licity signatures may be difficult to discern along the minor
axis.
The broad properties of hydrodynamical models vary
considerably from model to model (Fig. 17), but the models
appear for the most part to overpredict stellar halo masses
(panel a; e.g., light cyan for Font et al. 2011, green for Tis-
sera et al. 2012, 2014, red for Cooper et al. 2015, and yellow
for Pillepich et al. 2015). This overprediction of stellar halo
mass seems particularly acute — nearly an order of mag-
nitude — for lower resolution hydrodynamical simulations.
While we show examples from Font et al. (2011) and Tissera
et al. (2012, 2014), similar behavior is seen in the simulated
haloes of e.g., Zolotov et al. (2009), Bailin et al. (2014) and
Pillepich et al. (2014). Such a large discrepancy implies that
both the accreted and in situ parts of the halo are over-
produced in such lower-resolution models, as both compo-
nents separately violate observational constraints. Substan-
tially higher resolution more current simulations (Cooper
et al. 2015; Pillepich et al. 2015) have stellar haloes that
are in rather better accord with the observations, and ap-
pear to overpredict halo mass by a factor of less than three,
where systematic differences in how stellar haloes are de-
fined between simulations and the observations may play an
important role (see, e.g., the discussion in Pillepich et al.
2015).
Hydrodynamical model stellar halo metallicites at
30 kpc (panel b of Fig. 17) are similar to the observational
estimates at [Fe/H]∼ −1.2, but would be rather low for their
halo stellar mass. Lower-resolution hydrodynamical models
(cyan and green) do not reproduce the observed strong cor-
relation between stellar halo mass and stellar halo metal-
licity. More current, higher-resolution simulations (red and
yellow) have similar metallicities, but owing to their lower
and somewhat more realistic stellar masses lie closer to the
observed galaxies in the stellar halo mass–stellar halo metal-
licity plane. With only 4 simulations to explore, it is too
early to say if high-resolution hydrodynamical simulations
naturally reproduce the observed stellar halo metallicities–
stellar halo mass correlation. Like Pillepich et al. (2015) and
Monachesi et al. (2016b), we caution that with the moderate
level of discrepancy now seen between high-resolution hydro-
dynamical models and the observations the choice of obser-
vational metric matters; accordingly, it will be important
to estimate halo masses and metallicities of the simulated
haloes in ways that connect well with these observations.
Only two simulations predict halo power law slopes,
and these simulations broadly match the observational con-
straints (panel c). In addition, and not shown, their axis
ratios tend to be c/a ∼ 0.6 but with considerable range in
axis ratio (e.g., McCarthy et al. 2012 for the Font et al. 2011
models), in reasonable agreement with the observations.
Finally, a diversity of stellar halo metallicity gradients
were predicted by current high-resolution hydrodynamical
simulations — Cooper et al. (2015) and Pillepich et al.
(2015) — and appear to be in accord with the data (panel
d of Fig 17). The simulations of Tissera et al. (2012, 2014)
also reproduce the observed diversity of metallicity gradi-
ents, remembering that their overall stellar halo masses are
generally dramatically overpredicted. Observations appear
to rule out ubiquitous and large metallicity gradients of the
kind predicted by Font et al. (2011). We caution that our
minor-axis metallicity gradients may be relatively insensi-
tive to exploring the fraction of stars from in situ formation
of halo stars; instead, major axis metallicity gradients may
prove a more decisive probe of the importance of it situ stars
in stellar haloes, owing to their predicted high degree flat-
tening in current high-resolution simulations (Pillepich et al.
2015; Monachesi et al. 2016b).
7.4.3 Degree of substructure
While metrics of the number and prominence of individual
streams or shells have been proposed and discussed (e.g.,
Johnston et al. 2008; Atkinson et al. 2013; Hendel & John-
ston 2015; Amorisco 2015b), fewer works have quantified the
degree of substructure of the ‘aggregate’ stellar halo (e.g.,
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Bell et al. 2008; Amorisco 2015a). Our prime observational
measure of the degree of substructure is the intrinsic scatter
that must be included to our power law model in order to
make it an acceptable fit to the data, similar in spirit to the
RMS/Total estimates of Bell et al. (2008) and the tidal pa-
rameter estimates of elliptical galaxies by Tal et al. (2009).
For our sample, the typical intrinsic scatter around the fit
is 0.05 − 0.1dex, ranging from undetectable to 0.14 dex for
the highly structured major axis profile of NGC 3031.
This metric for the degree of substructure of the ‘aggre-
gate’ halo has been very rarely calculated by modelers. Our
own fits to the Bullock & Johnston (2005) simulations (hy-
brid disc+bulge+dark halo potential plus N -body satellites)
yield values of ∼ 0.1 dex, in broad accord with the observa-
tions. We do note that it is likely that some models would
fail to match the observational constraints: the models of
Cooper et al. (2010) have strong substructure, far in excess
of that seen in the Milky Way or in the Bullock & Johnston
(2005) models (compare the RMS/total measures of Helmi
et al. 2011 with Bell et al. 2008). Bailin et al. (2014) attribute
the high degree of substructure in pure N -body only models
(which display triaxial, very structured stellar haloes) to the
lack of a potential from the main body of the galaxy; the po-
tential from the main body of the galaxy appears to lead to
precession which erases substructure and produces a more
oblate halo, in better accord with the data. We strongly
encourage simulators to produce quantitative estimates of
‘aggregate’ stellar halo subtructure, as a crucial test of their
input model physics.
8 SUMMARY AND CONCLUSIONS
We have examined the halo stellar populations of six galax-
ies from the GHOSTS survey (Radburn-Smith et al. 2011).
HST/ACS and HST/WFC3 data were used from fields ob-
served along the major and minor axes of each halo. We
construct CMDs from these observations and select RGB
stars above the 50% completeness limit to trace the stellar
halo populations in these galaxies. We use the selected RGB
stars to derive a stellar density profile for each halo. From
the density profiles we estimate a best-fit power-law slope
and intrinsic scatter around a smooth power law, axis ratio,
and stellar mass of each halo.
We find a diversity of stellar halo masses between minor
axis equivalent 10−40 kpc of 3−21×108M and projected
power law slopes of between −2 and −3.7 along the minor
axes. Owing to substructure in stellar haloes (particularly
prominent for example along NGC 891’s minor axis), we
measure a typical intrinsic scatter around a smooth power
law fit of 0.05 − 0.1 dex. By comparing the densities of the
minor axis and major axis profiles for each galaxy at dis-
tances around ∼ 25 kpc, we infer axis ratios at ∼ 25 kpc
ranging from 0.4− 0.75.
Using the 11 halo realisations from the Bullock & John-
ston (2005) models as a guide for interpreting a richly struc-
tured halo using sparse pointings, we estimate systematic
uncertainties for the inferred stellar halo masses, power law
slopes, and projected axis ratios for the GHOSTS galax-
ies. In particular, using the stellar halo mass measurements
within 10−40 kpc for the Bullock & Johnston (2005) models
and comparing them to the total stellar halo mass, we expect
that the above 10 − 40 kpc halo masses should be around
30 − 40% of the total stellar halo mass for an accretion-
dominated halo. Consequently, we expect that the GHOSTS
galaxies have ‘total’ stellar masses of around 1−6×109M.
In conjunction with measurements for the stellar halo
properties of the Milky Way and M31, we find that the
GHOSTS stellar haloes lie in between the extremes charted
out by the (rather atypical) haloes of the Milky Way and
M31. Galaxies with stellar masses similar to the Milky Way
have an order of magnitude range in stellar halo mass, fac-
tors of several differences in characteristic minor axis halo
metallicities, power-law profiles with best fit slopes varying
between −2 and −3.7, and a variety of metallicity gradi-
ents, where ∼ 1/2 of the sample have little to no measurable
metallicity gradient. The sample shows a strong correlation
between stellar halo metallicity and stellar halo mass.
We compare our observational results with the results
of models of stellar halo formation in a cosmological con-
text. We find good agreement between accretion-only mod-
els, where the stellar haloes are formed by the disruption
of dwarf satellites, and the observations. In particular, the
strong observed correlation between stellar halo metallic-
ity and stellar halo mass is naturally reproduced by the
models as the result of a strong metallicity–mass relation
of the satellite progenitors, plus the tendency for more mas-
sive stellar haloes to have been formed by the disruption
of larger progenitors. Low-resolution hydrodynamical mod-
els have unrealistically high stellar halo masses. Current
high-resolution hydrodynamical models predict stellar halo
masses somewhat higher than observed but in better ac-
cord with the data, with reasonable metallicities, metallicity
gradients, and density profiles. The level of the differences
between predictions and observations may be small enough
that differences in definition between our observational and
model metrics may be important.
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Table 1. Table of Values for GHOSTS Galaxies
NGC 253 NGC 891 NGC 3031 NGC 4565 NGC 4945 NGC 7814
Assumed Distance∗∗ (Mpc) 3.5 9.2 3.6 11.4 4.0 14.4
Minor Axis
r0 (kpc) 19.2 23.3 23.1 22.9 16.0 20.0
log10Σ0 (log10 N · arcsec−2) −1.73+0.02−0.02 −2.06+0.04−0.04 −2.63+0.02−0.02 −2.11+0.02−0.02 −1.94+0.03−0.03 −1.39+0.04−0.07
Power law slope α (±0.2) −2.24+0.07−0.06 −2.00+0.33−0.23 −3.53+0.18−0.15 −2.87+0.08−0.07 −2.72+0.16−0.17 −3.71+0.99−0.09
Intrinsic scatter σ (±0.03) 0.10+0.01−0.01 0.13+0.05−0.05 0.03+0.02−0.02 < 0.11 (95%) 0.05+0.01−0.02 < 0.03∗∗∗
Major Axis∗
r0 (kpc) 25.5 26.7 31.2 40.7 30.4 35.0
log10Σ0 (log10 N · arcsec−2) −1.34+0.02−0.02 −1.91+0.03−0.03 −2.34+0.08−0.06 −1.92+0.04−0.05 −1.94+0.03−0.02 −1.53+0.10−0.13
Power law slope α (±0.2) −3.01+1.09−1.55 −2.77+0.73−0.44 −3.11+0.88−0.48 −5.28+0.47−0.45 −2.73+0.23−0.23 −5.33+3.34−0.57
Intrinsic scatter σ (±0.03) < 0.05 (95%) < 0.03∗∗∗ 0.14+0.04−0.06 < 0.03∗∗∗ 0.09+0.01−0.02 < 0.03∗∗∗
Projected c/a25kpc Axis Ratio (±0.1) 0.55+0.04−0.05 0.74+0.04−0.05 0.61+0.03,+0.0−0.05,−0.2 0.42+0.02−0.01 0.52+0.02−0.02 0.59+0.14−0.05
Stellar Halo Mass (M10−40)(±30%) 1.45+0.17−0.10 × 109 8.58+0.72−0.50 × 108 3.66+0.35−0.22 × 108 7.16+0.33−0.31 × 108 1.11+0.07−0.06 × 109 2.05+0.43−0.26 × 109
Total Stellar Halo Mass (Mhalo)(±43%) 4.53+0.53−0.31 × 109 2.69+0.23−0.16 × 109 1.14+0.10−0.07 × 109 2.24+0.10−0.10 × 109 3.47+0.19−0.22 × 109 6.41+1.34−0.81 × 109
Total Galaxy Stellar Mass (Mgalaxy) 5.5± 1.4× 1010 5.3± 1.3× 1010 5.6± 1.4× 1010 8.0± 2.0× 1010 3.8± 0.95× 1010 4.5± 1.1× 1010
Vrot (km· sec−1) 194 212 224 245 167 231
Colour gradient∗∗ (×10−4 mag/kpc) −7.0± 6.1 −29± 18 0.2± 15 −39± 12 −9.0± 23 −38± 23
∗Not used explicitly to estimate stellar halo mass.
∗∗From Monachesi et al. (2016a).
∗∗∗Three σ upper limit based on the formal fit uncertainties.
Systematic uncertainties are given in parentheses in the second column for the power law slope α, the intrinsic scatter estimate σ, the axis ratio and estimates of stellar halo mass.
The axis ratio for NGC 3031 has an additional asymmetric error as a result of the galaxy not being completely edge-on.
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Table 2. Star count Data for the Six GHOSTS Galaxies Exam-
ined in this Paper. Shading is included to differentiate between
GHOSTS fields
Galaxy Axis Field r (kpc) N·Arcsec−2 −1σ +1σ
NGC 253 Major 7 23.77 0.0456 0.0415 0.0496
24.45 0.0542 0.0515 0.0570
25.17 0.0546 0.0522 0.0569
25.92 0.0431 0.0409 0.0452
26.63 0.0378 0.0356 0.0401
27.37 0.0343 0.0309 0.0377
Minor 8 7.11 0.131 0.127 0.136
7.69 0.114 0.110 0.118
8.28 0.0955 0.0919 0.0992
8.89 0.0689 0.0657 0.0720
9.51 0.0693 0.0661 0.0724
10.03 0.0549 0.0516 0.0581
9 4.44 0.567 0.556 0.578
5.03 0.450 0.443 0.457
5.67 0.309 0.303 0.315
6.38 0.246 0.240 0.251
7.03 0.224 0.219 0.229
7.59 0.201 0.194 0.209
(W) 11 17.56 0.0225 0.0192 0.0259
18.08 0.0229 0.0207 0.0250
18.57 0.0210 0.0191 0.0229
19.16 0.0196 0.0178 0.0214
19.72 0.0209 0.0190 0.0229
20.18 0.0178 0.0151 0.0206
12 23.03 0.0096 0.00787 0.0114
23.73 0.0105 0.00933 0.0118
24.31 0.0097 0.00860 0.0107
25.00 0.0103 0.00922 0.0114
25.67 0.0100 0.00885 0.0111
26.31 0.0115 0.00970 0.0134
13 31.29 0.00879 0.00756 0.0100
31.83 0.0104 0.00915 0.0116
32.39 0.00753 0.00647 0.00860
33.00 0.00623 0.00525 0.00721
33.59 0.00809 0.00698 0.00920
34.11 0.00721 0.00610 0.00832
(W) 14 37.70 0.00347 0.00304 0.00370
(W) 15 44.71 0.000872 0.000579 0.00117
16 49.49 0.000932 0.000662 0.00120
(W) 17 53.44 0.000731 0.000444 0.00102
18 58.33 0.000718 0.000457 0.000978
(W) 19 70.90 0.00103 0.000721 0.00134
20 75.72 0.000852 0.000586 0.00112
NGC 891 Major 12 21.13 0.0224 0.0213 0.0235
25.78 0.0132 0.0124 0.0140
13 28.44 0.0118 0.0110 0.0126
32.67 0.00594 0.00540 0.00648
Minor 1 6.96 0.138 0.135 0.141
9.27 0.0515 0.0488 0.0541
5 24.27 0.00722 0.00640 0.00804
26.62 0.00695 0.00617 0.00773
29.35 0.00701 0.00623 0.00779
31.44 0.00635 0.00549 0.00720
6 14.53 0.0164 0.0145 0.0182
17.29 0.0141 0.0131 0.0152
20.12 0.0102 0.00942 0.0109
22.87 0.00598 0.00495 0.00700
(W) 7 33.26 0.00438 0.00381 0.00495
37.15 0.00705 0.00633 0.00776
8 47.39 0.000376 0.000206 0.000546
52.60 0.000106 0.000010 0.000214
NGC 3031 Major 4 22.12 0.0106 0.00944 0.0117
23.49 0.00852 0.00785 0.00919
24.85 0.0102 0.00919 0.0111
(W) 13 24.12 0.00978 0.00889 0.0107
25.44 0.00918 0.00833 0.0100
14 29.64 0.00525 0.00471 0.00579
31.33 0.00770 0.00706 0.00834
(W) 15 39.11 0.00433 0.00390 0.00477
16 41.05 0.00125 0.00100 0.00149
17 46.48 0.000780 0.000560 0.000999
(W) 18 49.88 0.000416 0.000196 0.000636
Minor 5 11.19 0.0340 0.0322 0.0358
12.17 0.0175 0.0153 0.0198
6 13.35 0.0154 0.0132 0.0175
14.25 0.0122 0.0110 0.0134
15.23 0.00910 0.00825 0.00994
16.16 0.00997 0.00895 0.0110
17.00 0.00675 0.00543 0.00807
7 18.78 0.00445 0.00384 0.00506
19.95 0.00279 0.00229 0.00329
21.22 0.00311 0.00258 0.00363
12 17.64 0.00684 0.00603 0.00765
18.91 0.00543 0.00484 0.00601
20.10 0.00435 0.00367 0.00503
(W) 19 21.09 0.00268 0.00218 0.00317
22.55 0.00174 0.00133 0.00215
20 26.92 0.00136 0.000932 0.00179
27.97 0.00114 0.000826 0.00145
29.25 0.00128 0.000881 0.00168
21 35.48 0.000588 0.000293 0.000883
22 35.46 0.000786 0.000503 0.00107
36.88 0.000536 0.000295 0.000778
(W) 23 38.75 0.000333 0.000121 0.000546
24 39.26 0.000336 0.000101 0.000571
40.96 0.000195 0.000010 0.000410
26 44.34 0.000379 0.000181 0.000577
(W) 27 28.88 0.000789 0.000537 0.00104
28 29.45 0.00110 0.000864 0.00134
Galaxy Axis Field r (kpc) N·Arcsec−2 −1σ +1σ
NGC 4565 Major 7 27.62 0.112 0.109084 0.115
31.29 0.0420 0.0404 0.0436
34.57 0.0260 0.0239 0.0280
(W) 8 46.30 0.00397 0.00312 0.00483
48.77 0.00407 0.00326 0.00488
51.35 0.00474 0.00389 0.00560
53.57 0.00385 0.00296 0.00475
Minor 1 8.98 0.114 0.109 0.118
10.36 0.0797 0.0758 0.0835
11.72 0.0488 0.0456 0.0521
13.04 0.0298 0.0246 0.0351
3 16.76 0.0200 0.0170 0.0231
18.05 0.0185 0.0164 0.0207
19.55 0.0119 0.0103 0.0134
21.03 0.00863 0.00734 0.00991
22.53 0.00683 0.00567 0.00799
24.18 0.00642 0.00530 0.00755
25.70 0.00545 0.00439 0.00650
27.15 0.00606 0.00478 0.00733
28.26 0.00460 0.00267 0.00654
(W) 11 34.95 0.00138 0.000801 0.001959
37.96 0.00170 0.00122 0.00218
41.31 0.000111 0.000010 0.000452
12 52.63 0.000486 0.000124 0.000849
56.57 0.00105 0.000696 0.00141
NGC 4945 Major (W) 2 20.93 0.0264 0.0246 0.0283
21.99 0.0254 0.0238 0.0270
23.06 0.0237 0.0220 0.0255
3 24.90 0.0229 0.0202 0.0255
25.95 0.0226 0.0210 0.0242
27.00 0.0213 0.0200 0.0226
28.12 0.0241 0.0225 0.0257
29.11 0.0200 0.0176 0.0225
(W) 4 25.72 0.0147 0.0134 0.0160
26.81 0.0151 0.0138 0.0164
27.82 0.0129 0.0116 0.0142
5 37.35 0.00687 0.00592 0.00782
38.75 0.00747 0.00673 0.00820
40.05 0.00533 0.00457 0.00609
(W) 6 44.41 0.00288 0.00217 0.00359
45.46 0.00351 0.00282 0.00421
46.63 0.00276 0.00203 0.00350
Minor (W) 7 8.92 0.0519 0.0482 0.0557
9.57 0.0413 0.0387 0.0439
10.29 0.0409 0.0383 0.0435
11.06 0.0328 0.0305 0.0352
11.70 0.0259 0.0234 0.0285
8 12.14 0.0194 0.0178 0.0211
12.92 0.0233 0.0216 0.0250
13.79 0.0205 0.0189 0.0221
14.63 0.0178 0.0164 0.0193
15.40 0.0121 0.0108 0.0136
(W) 9 15.23 0.00727 0.00552 0.00902
15.84 0.0127 0.0112 0.0142
16.63 0.0134 0.0120 0.0149
17.43 0.0108 0.00947 0.0121
18.05 0.00724 0.00561 0.00888
10 18.63 0.00866 0.00748 0.00985
19.39 0.00611 0.00517 0.00704
20.30 0.00439 0.00356 0.00521
21.14 0.00407 0.00327 0.00486
21.89 0.00330 0.002500 0.00411
(W) 11 33.28 0.000465 0.000094 0.000835
12 40.24 0.000621 0.000264 0.000977
NGC 7814 Major 3 32.49 0.0249 0.0228 0.0269
35.33 0.0185 0.0171 0.0199
38.58 0.0175 0.0162 0.0189
41.71 0.0131 0.0119 0.0143
44.78 0.0133 0.0117 0.0148
S4G 22.57∗ 0.467∗ 0.420∗ 0.514∗
Minor 4 19.31 0.0355 0.0335 0.0376
22.83 0.0241 0.0226 0.0256
26.79 0.0160 0.0148 0.0172
30.33 0.00962 0.00857 0.0107
S4G 8.95∗ 0.860∗ 0.770∗ 0.930∗
∗Data point derived from the 3.6µm S4G profile for 7814’s axes fits.
Points marked with a (W) are derived from WFC3 data; all other fields are
from ACS.
r (kpc) column shows radial distance from the galactic center.
Table 3. Flux/Star Ratios for the Galaxies Examined in this
Paper
Galaxy Flux Ratio (Absolute V-Band Mag·N−1)
NGC 253 2.06 · 10−10
NGC 891 2.20 · 10−10
NGC 3031 2.09 · 10−10
NGC 4565 1.03 · 10−10
NGC 4945 3.66 · 10−10
NGC 7814 1.21 · 10−10
Conversion from star density to apparent magnitude:
µv = −2.5 · log10(N · Arcsecond−2 · FluxRatio)
MNRAS 000, 1–?? (0000)
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Table 4. Estimated ‘total’ stellar halo mass fraction from Drag-
onfly imaging from the values presented in (Merritt et al. 2016)
Galaxy Stellar halo fraction fhalo,tot
NGC 1084 0.15±0.07
NGC 2903 0.031±0.021
NGC 3351 < 0.068
NGC 3368 < 0.099
NGC 4220 0.027±0.022
NGC 4258 < 0.057
M101 < 0.012
MNRAS 000, 1–?? (0000)
